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Abstract
Introduction Treating and preventing graft-versus-host disease (GVHD) after allogeneic hematopoietic cell transplant (HCT)
remains a significant challenge. The use of mesenchymal stromal cell-derived extracellular vesicles (MSC-EVs) appears prom-
ising and a systematic review of preclinical studies is needed to accelerate the design of translational studies.
Methods We identified 4 eligible studies from a systematic review performed on December 1, 2018. In brief, eligible studies
included the treatment or prevention of GVHD in animal models and the use of MSC-EVs. Study design and outcome data were
extracted and reporting was evaluated using the SYRCLE tool to identify potential bias.
Results Two studies assessed the efficacy of MSC-EVs in treatment of GVHD and 2 studies address prevention. Mice treated
with MSC-EVs showed improved median survival, GVHD clinical scores and histology scores as compared to untreated mice
with GVHD. Prophylactic treatment with MSC-EVs attenuated GVHD severity and improved median survival as compared to
no treatment or saline.
Conclusion Our systematic review provides important insight regarding the potential of MSC-EVs to treat or prevent GVHD.
Although few studies were identified, improved survival and attenuated histologic findings of GVHDwere observed inmice after
MSC-EV administration for the treatment and prevention of GVHD. Dosing of EVs and route of administration remain incon-
sistent, however, and scalability of EV isolation for clinical studies remains a challenge. Standardized outcome reporting is
needed to pool results for metanalysis.
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Introduction

Graft-versus-host disease (GVHD) is a common and serious
complication of allogeneic hematopoietic cell transplant
(HCT). GVHD involves immune cells from the donor recog-
nizing the host and initiating an immune reaction that causes
disease in transplant recipients. The overall cumulative inci-
dence of GVHD is estimated to be 40% in patients receiving
sibling donor transplants and up to 60% in patients receiving
unrelated donor transplants [1, 2].While improvedmethods of
preventing GVHD are under study, risk factors for GVHD
include degree of HLA disparity, intensity of the transplant
conditioning regimen, GVHD prophylactic regimen, source
of graft cells, donor and recipient gender disparity, and the
hematopoietic cell transplantation-specific comorbidity index
[3–5]. Patients with either acute or chronic GVHD that does
not respond to corticosteroids have high levels of morbidity
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and mortality related to intense immune suppression and/or
end-organ damage from progression of GVHD. Despite many
clinical studies evaluating treatment interventions, there are
very few approved therapies for steroid-resistant GVHD [6].

Donor T lymphocytes that recognize recipient major and/or
minor histocompatability antigens can be activated by recipi-
ent antigen-presenting cells following injury to host tissues
caused by the pre-transplant chemo-radiotherapy condition-
ing, leading to cell-mediated and inflammatory cytokine-
mediated tissue damage. Both cytotoxic T cells and natural
killer cells can be activated and mediate target cell lysis via the
Fas/FasL pathway and by inflammatory cytokines produced
by T cells that exacerbate tissue injury in skin, liver and gut
epithelia [7]. FoxP3-expressing regulatory T cells and other
immune regulatory cells such as natural killer cells and mes-
enchymal stromal cells (MSCs), can reduce inflammation and
are associated with tolerance induction and reducing the se-
verity of GVHD [8]. MSCs can attenuate immune and inflam-
matory responses in many animal models, including GVHD.
MSCs can influence both innate and adaptive immune re-
sponses by releasing factors such as IL-6 to inhibit dendritic
cell maturation, and by transforming growth factor beta,
indoleamine 2,3-dioxygenase (IDO), nitric oxide, and prosta-
glandin 2 to reduce T cell effector functions [9]. Moreover,
IDO can induce apopotosis of T effector cells and promote
differentiation of regulatory T cells [10]. MSCs can also
down-regulate factors expressed by T cells to inhibit their
migration and they express checkpoint inhibitors which fur-
ther enhances their immune suppressive functions [11].
Moreover, MSCs have been evaluated in several clinical stud-
ies for the treatment or prevention of GVHD [12–14].
Although MSCs have been approved for the treatment of
steroid-resistant acute GVHD in a limited number of jurisdic-
tions, their efficacy remains highly variable and is hampered
by marked heterogeneity between studies [14]. The condi-
tioned media of MSC cultures has been demonstrated to ac-
count for a significant portion of therapeutic responses in an-
imal studies, likely owing to extracellular vesicles (EVs) that
are present in the media [15].

EVs include exosomes and microvesicles that are released
from cells and can be small or large in size, in accordance with
recent nomenclature adopted by the International Society for
Extracellular Vesicles (ISEV) [16]. Exosomes are approxi-
mately 50–150 nm in size and originate from endosomes
while microvesicles are approximately 150–1000 nm in size
and originate from plasma membrane [17]. EVs contain bio-
active signaling molecules such as microRNA, mRNA and
chemokines from within MSCs which can alter gene expres-
sion of target cells, whether pathologic or normal cells, to
modulate immune and inflammatory responses. One case re-
port describes a patient treated with the exosome-enriched
fraction fromMSC supernatants who had significant improve-
ment in inflammatory markers and clinical improvement in

GVHD of the gut, mucosa and skin [18]. Other clinical reports
for GVHD, however, are lacking. Various pre-clinical studies
have explored the therapeutic potential of MSC-EVs in the
treatment of GVHD in the context of allogeneic HCT. These
studies have used different methods to culture MSCs, isolate
EVs, and have tested these cell-based therapies in different
animal models using different endpoint measurements.
There is a need to perform a systematic review to identify
the extent to which MSC-EVs are effective in treating or
preventing GVHD and to inform potential future preclinical
and clinical studies regarding the optimal method of isolating
and administering EVs, including aspects such as dosing and
route of administration and schedules of EV treatment.

Our recent systematic review of all preclinical studies of
MSC-EVs in animal models of various types of organ dys-
function and injury identified more than 200 studies. A subset
of these studies addressed the role of MSC-EVs to treat or
prevent GVHD [19]. A more complete analysis of data from
these studies is needed to gain insight regarding the animal
models used to study GVHD, methods of isolating EVs and
their robust characterization that will be critical for regulatory
approval and dosing regimens. The insight gained from a sys-
tematic analysis of these preclinical studies will inform future
studies aimed at translating this promising treatment modality
into the clinical realm.

Methods

We identified eligible studies from a comprehensive system-
atic scoping review performed in May 2018 and updated in
December 2018 [20] (registered April 12, 2019 on
PROSPERO at www.crd.york.ac.uk/prospero, protocol:
CRD42019123918). In brief, this larger scoping review
included all studies using MSC-EVs in preclinical animal
models of disease, organ injury, tumor growth or altered im-
mune response. Studies without a comparator arm (such as
vehicle control, placebo, MSCs, or fibroblast EVs) were ex-
cluded. Relevant studies associated with GVHD were identi-
fied for further data extraction and analysis in this report
(PROSPERO protocol CRD42020146580; registered
March 7, 2020).

A data extraction tool was developed to capture relevant
data including mode of induction of GVHD in mouse models,
method of isolation of MSC-EVs and treatment related out-
come data. The outcomes measured included median survival
(days), GVHD clinical scores, skin scores, qualitative and
quantitative histology assessment, fibrosis percentage and an-
imal weight. Data extraction was completed using the infor-
mation software, DistillerSR (Evidence Partners, Ottawa
Canada) on all included studies. Preclinical study design and
reporting was evaluated using the Systematic Review Centre
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for Laboratory Animal Experimentation (SYRCLE) tool to
identify and report on potential bias in preclinical studies [21].

MSC characterization was assessed according to the mini-
mal criteria established by the International Society for
Cellular Therapy [22]. Specifically, we assessed whether stud-
ies reported if MSCs were (1) plastic adherent in standard
culture conditions; (2) expressed the cell surface markers
CD105, CD73, CD90 and lacked expression of CD45,
CD34, CD14 or CD11b, CD79a, and HLA-DR surface mol-
ecules; and (3) differentiated to osteoblasts, adipocytes and
chondroblasts in vitro.

Results

In our recent comprehensive systematic scoping review of
methods and outcome reporting in all preclinical studies of
MSC-derived EVs, a total of 208 studies were identified [19,
20] and an updated search conducted December 2018 identified
284 additional records that underwent screening for potential
relevance and eligibility, identifying 113 additional studies.
Amongst these 321 studies, four addressed GVHD treatment
and/or prevention and were included in the quantitative and in-
depth analysis described in this report (see Fig. 1). Two studies
assessed the efficacy of MSC-derived EVs as treatment of
GVHD [23, 24] while 2 studies assessed the efficacy of MSC-

derived EVs to prevent GVHD [25, 26]. Themain characteristics
of these studies are summarized in Table 1.

Risk of Bias

We utilized the SYRCLE tool [21] to assess risk of bias in
selected pre-clinical animal intervention studies. Random al-
location of animals to experimental and control groups was
described for only one of the four studies. None of the studies
reported blinding during randomization or outcome assess-
ments. Baseline characteristics of mice were reported for three
of the four studies. None of the studies reported initial number
of mice who underwent transplant and none of the studies
reported sample size calculations. It was not clear in any of
the studies whether there was an attrition bias and whether all
treated animals were included in the final analysis.
Table 2 summarizes the assigned risk of bias in each of the
domains for studies included in our analysis.

Isolation and Characterization of MSC- EVs

The source of cells used to manufacture MSCs was human
bone marrow (2 studies), human embryonic stem cells (1
study) and human umbilical cord blood (1 study). All 4 studies
utilized the Dominici criteria [22] to define MSCs (see
Table 1). The use of early passage cells (passage 3) was

Records iden�fied through 
database searching 

(n = 1038 ) 

Sc
re

en
in

g 
In

clu
de

d 
El

ig
ib

ili
ty

 
Id

en
�fi

ca
�o

n 

Addi�onal records iden�fied 
through other sources 

(n = 0 ) 

Duplicates removed 
(n = 4) 

Records screened 
(n = 1034) 

Records excluded 
(n = 637) 

Full-text ar�cles assessed 
for eligibility 

(n = 397) 

Full-text ar�cles excluded,  
(n = 76) 

Studies included in larger 
qualita�ve synthesis of all 

topics 
(n = 321) 

Studies included in qualita�ve 
synthesis of GVHD 

(n = 4) 

Fig. 1 PRISMA diagram
outlining the identification of
articles included in the analysis

334 Stem Cell Rev and Rep  (2021) 17:332–340



Ta
bl
e
1

C
ha
ra
ct
er
is
tic
s
of

co
nt
ro
lle
d
pr
ec
lin

ic
al
st
ud
ie
s
of

hu
m
an

M
S
C
-d
er
iv
ed

E
V
s
to

tr
ea
to

r
pr
ev
en
tG

V
H
D
in

m
ic
e

St
ud
y

M
od
el

n*
I
/C

M
SC

so
ur
ce

M
ou
se

G
V
H
D
in
du
ct
io
n
an
d

co
nf
ir
m
at
io
n

E
V
Is
ol
at
io
n

E
V
C
ha
ra
ct
er
iz
at
io
n

In
te
rv
en
tio

n
D
os
e
of

E
V
(p
er
an
im

al
un
le
ss

st
at
ed
)

[2
3]

T
re
at
m
en
t

30
/3

2
hB

M
8
G
y
T
B
I
an
d
ta
il
ve
in

in
je
ct
io
n
of

sp
le
en

ce
lls

fr
om

al
lo
ge
ne
ic
m
ic
e

G
V
H
D
co
nf
ir
m
at
io
n:

≥1
0%

lo
ss

of
bo
dy

w
ei
gh
t

U
C
a

E
V
si
ze
:
90
–4
00

nm
M
ea
n
pr
ot
ei
n:

4.
48

m
g/
m
l

P
ar
tic
le
s:
4.
23

×
10

9
/m

l
E
M
:Y

es
W
es
te
rn

bl
ot
:C

D
63
,C

D
81

Tr
ea
tm
en
t:
on
ce

on
da
y
+
5

R
ou
te
:t
ai
lv

ei
n

C
on
tr
ol
s:
sa
lin

e
M
SC

-E
V
gr
ou
p:

E
V
s
de
ri
ve
d

fr
om

2
×
10

6
M
S
C
pe
rk

g
of

bo
dy

w
ei
gh
t

[2
4]

T
re
at
m
en
t

8
/8

hB
M

T
B
I
an
d
ta
il
ve
in

in
je
ct
io
n
of

B
M

an
d
sp
le
en

ce
lls

of
al
lo
ge
ne
ic
m
ic
e

G
V
H
D
co
nf
ir
m
at
io
n:

cl
in
ic
al

sc
or
e
≥
0.
6
an
d
m
ol
ec
ul
ar

do
no
r
ch
im

er
is
m

on
da
y
20

U
C
b

E
V
si
ze
:
<
10
0
nm

M
ea
n
pr
ot
ei
n:
:
N
R

P
ar
tic
le
s:
N
R

E
M
:Y

es
W
es
te
rn

bl
ot
:C

D
63
,C

D
9,

C
D
81

Tr
ea
tm
en
t:
W
ee
kl
y
×
6
w
ee
ks

st
ar
tin

g
da
y
+
22

R
ou
te
:t
ai
lv

ei
n

C
on
tr
ol
s:
sa
lin

e
or

10
0
μ
g

fi
br
ob
la
st
E
V
s

M
SC

-E
V
gr
ou
p:

10
0
μ
g

[2
5]

Pr
ev
en
tio

n
20

/2
0

hE
SC

T
B
I
10
0
cG

y
an
d
ta
il
ve
in

in
je
ct
io
n
of

hu
m
an

PB
M
C
.

H
um

an
en
gr
af
tm
en
t

co
nf
ir
m
at
io
n:

%
hu
m
an

ce
lls

in
bl
oo
d
by

fl
ow

cy
to
m
et
ry

0.
22

μ
fi
lte
r

th
en

T
F
F

E
V
si
ze
:
N
R

M
ea
n
pr
ot
ei
n:
:
1.
9
m
g/
m
L

P
ar
tic
le
s:
1.
9
×
10

1
1
/m

L
E
M
:N

R
W
es
te
rn

bl
ot
:N

R

P
ro
ph
yl
ax
is
:e
ve
ry

3
da
ys

st
ar
tin

g
da
y
+
1
un
til

de
at
h

or
da
y
+
34

R
ou
te
:i
nt
ra
pe
ri
to
ne
al

C
on
tr
ol
:s
al
in
e

M
SC

-E
V
gr
ou
p:

1
or

10
μ
g

[2
6]

Pr
ev
en
tio

n
14

/1
5

hU
C
B

T
B
I
7.
5
G
y
an
d
ta
il
ve
in

in
je
ct
io
n
of

B
M

an
d

sp
le
no
cy
te
s
al
lo
ge
ne
ic
m
ic
e

A
llo

ge
ni
c
en
gr
af
tm
en
t

co
nf
ir
m
at
io
n:

N
R

U
C
c

E
V
si
ze
:
30
–1
00

nm
M
ea
n
pr
ot
ei
n:

pr
ot
ei
n

co
nc
en
tr
at
io
n
by

bi
ci
nc
ho
ni
ni
c
ac
id
.P

ro
te
in

co
nc
en
tr
at
io
n
N
R
.

P
ar
tic
le
s:
N
R

E
M
:Y

es
W
es
te
rn

bl
ot
:C

D
63
,C

D
9,

C
D
81

P
ro
ph
yl
ax
is
:d
ay

0
an
d
da
y
+
7

R
ou
te
:t
ai
lv

ei
n

C
on
tr
ol
:n

o
pr
op
hy
la
xi
s

M
SC

-E
V
gr
ou
p:

20
0
μ
g

*n
=
to
ta
ln

um
be
r
of

m
ic
e
in
cl
ud
ed

in
co
nt
ro
la
nd

tr
ea
tm

en
tg

ro
up
s
an
d
re
po
rt
ed

as
pa
rt
of

pr
im

ar
y
su
rv
iv
al
ou
tc
om

e
da
ta

I/C
in
te
rv
en
tio

n
/c
on
tr
ol

gr
ou
ps

U
C
U
ltr
ac
en
tr
if
ug
at
io
n,
TF

F
T
an
ge
nt
ia
lf
lo
w
,N

R
N
ot

re
po
rt
ed

a
is
ol
at
io
n
in
vo
lv
ed

ce
nt
ri
fu
ga
tio
n
at
20
00

g
×
30

m
in
,0
.2
2
μ
fi
ltr
at
io
n,
T
ot
al
E
xo
so
m
e
Is
ol
at
io
n
R
ea
ge
nt

(I
nv
itr
og
en
/T
he
rm

o
Fi
sh
er

Sc
ie
nt
if
ic
),
fo
llo

w
ed

by
ce
nt
ri
fu
ga
tio

n
at
10
0,
00
0
g
×
1
h

b
is
ol
at
io
n
in
vo
lv
ed

ce
nt
ri
fu
ga
tio
n
at
20
0
g
×
10

m
in
,2
00
0
g
×
20

m
in
,1
0,
00
0
g
×
30

m
in
,1
10
,0
00

g
×
7
h
th
en

0.
22

μ
fi
ltr
at
io
n
an
d
re
pe
at
in
g
al
ls
te
ps

ag
ai
n

c
is
ol
at
io
n
in
vo
lv
ed

ce
nt
ri
fu
ga
tio
n
at
20
00

g
×
30

m
in

fo
llo

w
ed

by
ce
nt
ri
fu
ga
tio

n
at
10
0,
00
0
g
×
2
h
an
d
re
pe
at
ed

335Stem Cell Rev and Rep  (2021) 17:332–340



explicitly reported in one study (24). None of the studies re-
portedMSC viability at the time of EV isolation. Three studies
(23,25,26) cultured MSCs in serum-free media for 24–72 h
and one study (24) used “exosome-free” fetal bovine serum
for 48 h prior to EV isolation. Three of the four studies isolated
EVs using ultracentrifugation, characterized EVs using
immunoblotting for anti-CD63, CD81 and/or CD9 anti-
bodies (no studies included non-EV associated antigens
as negative controls) and examined EV shape and size
using electron microscopy [23, 24, 26]. One study uti-
lized tangential flow filtration for isolation of EVs [25].
More details of the isolation methods, including addi-
tional centrifugation steps are included in Table 1.
There was heterogeneity in the size of EVs amongst
the studies ranging from 30 to 400 nm. (Table 1).

Mouse GVHD Model Characteristics

Although the mechanism of GVHD induction varied, in
general the studies involved total body irradiation (TBI)
followed by tail vein injection of allogenic bone marrow
or splenocytes to induce GVHD in mice. One of the
four studies utilized a xenograft model which involved
injection of human BM to induce GVHD. For treatment
studies, GVHD was confirmed based on clinical score
or weight loss prior to therapy. For the prevention stud-
ies, confirmation of engraftment of the transplanted cells
was confirmed and reported in one of two studies.

The baseline characteristics of mice with GVHD were
examined in each of the studies. Specifically, age (age 7
to 12 weeks old, reported in 3 studies), gender (all
female in 1 study; all male in 1 study; not reported in
2 studies), weight (reported in 1 study), GVHD score
(reported in 3 studies) and skin score (reported in 1
study) were provided as baseline characteristics. The
baseline GVHD score incorporates characteristics such
as skin integrity, body weight, hunch and fur texture

and was not statistically different between the interven-
tion groups in the 3 studies using this score [24–26].

Relative Heterogeneity in Outcome Reporting

All of the studies reportedmedian survival and GVHD clinical
scores following treatment (Table 3). There was heterogene-
ity, however, in the reporting of skin scores (2/4), histology
scores (1/4), fibrosis percentage (1/4), qualitative histology
assessment (3/4) and weight (1/4). Furthermore, criteria for
GVHD scoring, histology scores and skin scores varied be-
tween studies (Table 3).

Mice with GVHD Treated with MSC-EVs

The pre-clinical studies by Lai et al. [24] and Fujii et al. [23]
utilized human BM derived MSC-EVs for treatment of
GVHD. Differences in the mean size and/or size distribution
of EVs used in these studies are provided in Table 1.
Improvement in primary outcomes including median survival
and GVHD clinical scores were noted in both studies
(Table 4). MSC-EV treatment was associated with apparent
benefit in median survival in both studies compared to control
mice with GVHD (48 days vs 34 days, p < 0.05 [24]; 16 days
vs 10 days, p < 0.01 [23]) (Table 4). In addition, GVHD scores
were improved (3 vs 6 points of maximum score of 7.9,
p < 0.05) measured at 50 days post-transplant in the Lai et.
al study [24] and were improved in the Fujii et. al study [23]
at 10 days after transplant (2.8 vs 3.5, maximum score of 10; p
value <0.01) for EV treated mice compared with controls. See
Table 4 for a summary of reported outcomes.

In addition, some secondary outcomes including histology
parameters and skin scores were improved with treatment in
both studies. Qualitative histology parameters as well as per-
centage of fibrosis for liver, lung and skin were improved in
mice treated with EVs as compared to control in the Lai et. al
study [24]. Fujii et al. [23] showed improved histology scores

Table 2 Risk of bias using SYRCLE tool for preclinical studies. Low risk (open circles), high risk (black) and unclear risk of bias (grey) are indicated
for each study
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in large bowel, however, no difference in histology scores
were observed in liver and small bowel samples with MSC-
EV treatment compared to controls (see Table 4).

MSC-EVs as Prevention for GVHD

The pre-clinical studies by Zhang et al. [25] andWang et al. [26]
studied the effect ofMSC-derived EVs on prevention of GVHD.
Both studies demonstrated that prophylactic treatment with
MSC-EVs attenuated GVHD severity and improvedmedian sur-
vival as compared to controls (60 days vs 36 days (p< 0.01 [26]);
25 days vs 22 days (p< 0.05) [25]) (Table 4). In the study by
Wang et. al, [26] prophylaxis with MSC-EVs reduced the sever-
ity ofGVHDmanifestations at 28 days following transplantation,
and was associated with less weight loss (p < 0.001), improved

GVHD score (p < 0.001) and prolonged median survival
(p < 0.01) compared to controls. In addition, histology scores
for GVHD-associated changes were reduced in the group treated
with MSC-EVs.

Discussion

Our systematic review of preclinical studies on the use of
MSC-EVs to treat or prevent GVHD highlights the potential
of this novel cell-free therapy. Although only a small number
of studies were identified, the studies consistently show im-
proved overall survival and GVHD scores with the use of
MSC-EVs for both treatment and prevention of GVHD. All
studies utilized an established GVHD mouse model and EVs

Table 3 Outcomes reported in preclinical studies of treatment (light grey) and prevention (dark grey) of GVHD

Table 4 Outcomes for preclinical models of treatment or prevention of GVHD

Study Model Survival (I vs C) GVHD Clinical score (I vs C) Skin score (I vs C) Histology (I vs C)

[23] Treatment 16 vs 10 d (p < 0.01) 2.8 vs 3.5 at 10 d (p < 0.01)a Severe, 60% vs 89% Large boweld: 7 vs 12 (p < 0.01) at 6 d
Liver/small bowel: no difference at 6 d

[24] Treatment 48 vs 34 d (p NR) 3 vs 6 at 50 d (p NR)b 2.5 vs 3.5 at 50 d (p NR)c Liver, lung, skin: Improved
Fibrosis: Liver: 5% vs 20% (p < 0.05)
Lung: 6% vs 15% (p < 0.05)
Skin: 30% vs 75% (p < 0.01)

[25] Prevention 25 vs 22 d (p < 0.05) 4 vs 8 at 24 d (p < 0.05)e NR NR

[26] Prevention 60 vs 36 d (p < 0.01) 2 vs 10 at 56 days (p < 0.001)f NR Liver, large intestine, skin: Improved

a Clinical score at 10 days: 0 (good) to 2 (poor) for weight loss, posture, activity, fur texture and skin integrity and summed for a total score of 0–10
b Clinical score: Skin, body weight and hunch. Maximum total score = 7.9
c Skin score: Minimum score 0; maximum score 3.9
dHistology score: Maximum total score of 28 for the large bowel and small bowel, and 40 for the liver
eMean combined disease activity index: Grade 0/1/2 assigned to weight loss, posture, activity, fur texture, skin integrity and paleness. Maximum total
score = 1
f Clinical score: Grade 0/1/2 assigned to weight loss, posture, activity, fur texture and skin integrity. Maximum total score = 10
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were isolated from well characterized MSCs that met interna-
tionally recognized standards [22]. All of the studies charac-
terized EVs using a combination of size, protein content, elec-
tron microscopy and/or surface marker expression.
Heterogeneity, however, was observed amongst the studies
with regard to EV size, dosing and treatment schedules, route
of administration and scoring of GVHD. Larger, more defin-
itive preclinical studies using standard characterization ap-
proaches and aligned outcome measures should help define
the potential efficacy of MSC-EVs in the prevention or treat-
ment of GVHD. Translation to clinical studies should be ac-
celerated given the potential promise and benefits of MSC-
EVs in this setting.

While most studies in our review used ultracentrifugation
to isolate EVs, there may be some negative effects of using
this approach. Ultracentrifugation uses very high forces in
excess of 100,000 x g for prolonged periods which could
damage EVs and this method has been associated with con-
tamination by non-EV cellular material and reduced concen-
tration of packaged RNA compared with other isolation
methods which could impact therapeutic efficacy [27].
Although ultracentrifugation remains the most common ap-
proach to EV isolation, it may not be ideally suited to large-
scale production. Interest in other methods such as tangential
flow filtration, used by one of the studies included in our review,
represents a relatively easy method of isolating small EVs that
are not complexed with other molecules and represents a proce-
dure that may be less likely to physically alter EVs [28].

Regardless of isolation methods used to generate the cell-
derived product used in the studies, the origin of EVs within
MSCs can also impact their contents and therapeutic effects
on target cells. Small EVs (<150 nm [17]), or exosomes, are
formed by late endosomes and a process of inward budding of
multivesicular bodies and have surface markers which corre-
spond to markers of the endosomal pathway (e.g. CD63,
CD81, TSG101 and Alix). Large EVs (150 – 1000 nm
[17]), or microvesicles, are formed by outward budding of
the plasma membrane and contain contents of the cytoplasm
that are distinct from small EVs and may serve as biomarkers
of cellular stress rather than effectors of immune modulation.
Indeed, MSC-derived microvesicles have demonstrated prom-
ise as biomarkers of GVHD [29, 30]. Isolation methods such as
centrifugation may yield MSC-derived products with a mixture
of small and large EVs. The information provided in the reports
rely heavily on size and cell surface marker expression to char-
acterize EVs but more insight on the origin and profile of con-
tents would add additional insight on their immune modulatory
potential. As new studies emerge, greater adherence to the no-
menclature and characterization recommended by the ISEV [16]
will reduce heterogeneity between studies.

The studies identified in our review all used human-derived
MSCs although the various tissue sources included bone mar-
row, umbilical cord blood and embryonic stem cells. The

tissue origin of MSCs may impact the cargo within EVs and
could account for different therapeutic effects. MSCs derived
from bone marrow as compared with cord blood, for example,
exert a greater influence on bone growth and differentiation,
as recently summarized by multiple groups [31, 32]. These
groups describe secretomes that are distinct to the tissue of
origin of MSCs which could also extend to the content of
EVs derived from these cells. Adipose tissue-derived MSCs,
however, appear to maintain similar immune modulatory
function compared to bone marrow-derived MSCs [33]. In
addition to tissue source, specific culture conditions can also
impact EV content and their effects on target cells. Hypoxic
culture conditions, for instance, can activate signaling path-
ways in MSCs to enrich EV content of specific molecules that
augment their capacity to promote angiogenesis and facilitate
tissue repair in animal models [34, 35]. Hypoxia can also
enhance immune modulation by MSCs through increased se-
cretion of indoleamine-pyrrole 2,3-dioxygenase and increased
regulatory T cell induction [36]. We are not aware of studies
that have compared human tomouseMSC-EVs, however, it is
likely that the species of origin could also affect the contents
of EVs and their therapeutic properties. The use of human
tissues retains clinical relevance, however, which addresses
a potential barrier for translation to human trials.

We are aware of only a single case report of a patient with
steroid-refractory acute GVHD following allogeneic hemato-
poietic cell transplantation who received MSC-derived
“exosomes” [18].While a positive response was reported with
a reduction in concomitant corticosteroid dosage, the patient
died of pneumonia several months after receiving treatment.
We are unaware of other clinical reports describing patients
who received MSC-derived EVs for the treatment or preven-
tion of GVHD. In a recent search of registered clinical trials
(clinicaltrials.gov, search March 31, 2020), we identified one
study addressing the role of MSC-EVs to treat dry eye in
patients with ocular GVHD (NCT04213248). Other registered
clinical trials of MSC-EV include studies addressing the tol-
erance of inhalation in healthy volunteers (NCT04313647),
treatment in patients with severe infection with SARS-cov-2
infection (NCT04276987), treatment of macular holes
(NCT03437759), patients with acute ischemic stroke
(NCT03384433), pre-term neonates with bronchopulmonary
dysplasia (NCT03857841), type 1 diabetes mellitus
(NCT02138331), epidermolysis bullosa (NCT04173650),
and patients with pancreatic cancer harboring KRAS muta-
tions andMSC-EVs that express short inhibitory RNA against
the same KRAS mutation (NCT03608631).

The risk of bias assessment revealed multiple sources of
potential bias in each of the studies. In particular, the lack of
blinding was observed in all studies and allocation concealment
was not reported in any study. Increasingly, it is recognized that
reducing potential bias in preclinical studies will accelerate
meaningful translation of effective therapies to the clinical
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domain while identifying interventions with limited efficacy
and/or toxicity that should not be pursued further [37]. While
heterogeneity in studies, small number of studies and overall
modest number of animals limited our ability to pool data for a
metanalysis, we were able to identify aspects of preclinical
study design that could be addressed to reduce potential bias
and allow for pooled estimates of efficacy in the future.
Specifically, we recommend that future preclinical studies in-
clude randomization, blinding and allocation concealment in
their study design, continue to use well characterized MSCs
and EVs in accordance with international consensus guidelines
from the ISCT and ISEV [16, 22], respectively, and use dosing
and administration schedules that are consistent and applicable
in a clinical setting. Recording standardized outcome measure
of GVHD will allow pooling of data between studies.

Our study’s limitations include the possibility of omitting
published reports. Conference abstracts were not included as
methodological details are often lacking. Given the overall
small number of studies and modest number of animals con-
tributing to results in the studies included in our analysis,
larger more definitive studies are still needed. Reported out-
comes were inconsistent and recorded at variable time points
after the intervention. While heterogeneity in studies limited
our ability to pool data for a metanalysis, we were able to
identify aspects of preclinical study design that could be ad-
dressed to reduce potential bias and to allow for pooled esti-
mates of efficacy in the future.

In conclusion, our systematic review provides a novel per-
spective regarding preclinical evidence supporting the use of
MSC-EVs to treat and prevent GVHD. The studies show im-
proved overall survival and GVHD clinical scores with the
use of MSC-EVs in both treatment and prevention settings
and improvements in histology of affected organs support
the role of MSC-EVs in addressing the inflammatory damage
caused by GVHD. Our work should facilitate definitive pre-
clinical studies that can further define the benefits of MSC-
EVs in GVHD while accelerating the design of translational
studies in patients. Standardized approaches to MSC and EV
characterization are largely addressed in preclinical studies to
date, and aspects of study design such as dosing, route and
schedule of administration can be aligned along with standard
approaches to outcome reporting. MSC-EVs appear promis-
ing for the treatment and prevention of GVHD and efforts to
accelerate further research are encouraged.
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