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A B S T R A C T

Background aims: Extracellular vesicles (EVs) derived from human mesenchymal stromal cells (MSCs) show
immunomodulatory activity in different assays both in vitro and in vivo. In previous work, the authors com-
pared the immunomodulatory potential of independent MSC-EV preparations in a multi-donor mixed lym-
phocyte reaction (mdMLR) assay and an optimized steroid-refractory acute graft-versus-host disease
(aGVHD) mouse model. The authors observed that only a proportion of the MSC-EV preparations showed
immunomodulatory capabilities and demonstrated that only MSC-EV preparations with mdMLR immuno-
modulating activities were able to suppress aGVHD symptoms in vivo and vice versa. Since the mdMLR assay
is complex and depends on primary human cells of different donors, the authors sought to establish an assay
that is much easier to standardize and fulfills the requirements for becoming qualified as a potency assay.
Methods: The bona fide MSC antigen CD73 possesses ecto-5’-nucleotidase activity that cleaves pro-inflamma-
tory extracellular adenosine monophosphate into anti-inflammatory adenosine and free phosphate. To test
whether the ecto-5’-nucleotidase activity of the MSC-EV preparations reflected their immunomodulatory
potential, the authors adopted an enzymatic assay that monitors the ecto-5’-nucleotidase activity of CD73 in
a quantitative manner and compared the activity of well-characterized MSC-EV preparations containing or
lacking mdMLR immunomodulatory activity.
Results: The authors showed that the ecto-5’-nucleotidase activity of the MSC-EV preparations did not corre-
late with their ability to modulate T-cell responses in the mdMLR assay and thus with their potency in
improving disease symptomatology in the optimized mouse aGVHD model. Furthermore, the ecto-5’-nucleo-
tidase activity was resistant to EV-destroying detergent treatment.
Conclusions: Ecto-5’-nucleotidase activity neither reflects the potency of the authors’ MSC-EV preparations
nor provides any information about the integrity of the respective EVs. Thus, ecto-5’-nucleotidase enzyme
activity is not indicative for the immunomodulatory potency of the authors’ MSC-EV products. The develop-
ment of appropriate potency assays for MSC-EV products remains challenging.
© 2022 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Extracellular vesicles (EVs) harvested from the conditioned
medium (CM) of human mesenchymal stromal cells (MSCs) reveal
therapeutic activities in many disease models. However, their exact
mechanism of action (MoA) has not yet been unraveled [1]. The
immunomodulatory capabilities of MSC-EVs have been found in a
number of in vitro assays and pre-clinical disease models [2]. At the
clinical level, the authors successfully treated a steroid-refractory
acute graft-versus-host disease (aGVHD) patient with an MSC-EV
product harvested from CM of allogeneic bone marrow-derived
MSCs. During repeated treatment with escalating doses of the
selected MSC-EV product, the pro-inflammatory immune responses
of the patient were effectively suppressed [3]. Upon comparing the
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pro- and anti-inflammatory cytokine content of the applied and other
MSC-EV preparations, the authors observed differences in the cyto-
kine content of various MSC-EV preparations; the applied MSC-EV
product revealed the highest ratio of anti- to pro-inflammatory cyto-
kines. In recent studies involving an ischemic stroke and a Nie-
mann�Pick type C mouse model, the authors observed functional
differences in the therapeutic activity of independent MSC-EV prepa-
rations (all produced according to the authors’ standardized proce-
dure) for the first time [4,5]. Despite the observed difference in
potency in suppressing ischemic stroke and Niemann�Pick type C
symptoms, the applied MSC-EV preparations revealed comparable
particle numbers and protein content [5].

More recently, the authors compared the ability of independent
MSC-EV preparations to modulate allogeneic T-cell responses in a
multi-donor mixed lymphocyte reaction (mdMLR) assay and their
potency in suppressing aGVHD symptoms in an optimized mouse
model. The results showed a correlation between the MSC-EV prepa-
rations’ in vitro immunomodulatory capabilities and their aGVHD-
suppressing potency: only some of the MSC-EV preparations revealed
immunomodulatory capabilities in the mdMLR assay, and only these
MSC-EV preparations were able to efficiently suppress aGVHD symp-
toms in mice. Similar to the ischemic stroke model, the authors did
not find any correlation between any of the EV characteristics, which
were evaluated according to Minimal Information for Studies of
Extracellular Vesicle 2018 criteria [6], and the MSC-EV preparations’
functional properties [7].

Differences in the ability to suppress aGVHD symptoms have also
been reported for MSC-based cellular therapeutics. For example, in a
phase 3 clinical trial on adult aGVHD patients, a commercial MSC
product failed to show efficacy [8,9], whereas in a later one-armed
phase 3 clinical trial on pediatric aGVHD patients, the commercial
product remestemcel-L demonstrated clinical recovery-promoting
effects [10,11]. Despite the latter favorable results, the United States
Food and Drug Administration rejected approval for remestemcel-L
in the treatment of pediatric aGVHD. Within their statement, the
Food and Drug Administration argued that the product is derived
from the bone marrow of varying donors and that potency is not
appropriately tested and, consequently, product heterogeneities are
not sufficiently controlled (www.fda.gov/media/140988/download).

Thus, setting up appropriate potency assays is an essential need
for the manufacture of MSC and MSC-EV products. However, as the
authors recently comprehensively discussed specifically with regard
to MSC-EV products, setting up appropriate potency assays is itself a
challenge [1]. Ideally, potency assays should be robust, fast, reproduc-
ible and quantifiable in order to assess how accurately a therapeutic
product would exert the desired function. Furthermore, potency
assays have to fulfill specific regulatory requirements (https://data
base.ich.org/sites/default/files/Q6B_Guideline.pdf) and ideally
address the product’s MoA (www.fda.gov/media/79856/download).

Although the authors’ mdMLR assay results turned out to corre-
late with the results of the murine GVHD model, the assay is complex
and time-consuming [7]. Furthermore, to set up the assay, mononu-
clear cells (MNCs) of 12 different healthy peripheral blood donors
were pooled, aliquoted and stored at �80°C until use. Although
mdMLR results for each of the given pooled MNC batches are repro-
ducible, because of the use of primary materials, batch-to-batch vari-
abilities cannot be avoided.

Consequently, the authors aim to establish accurate functional
assays that can be performed in a much easier and reproducible man-
ner and qualified as potency assays that fulfill regulatory require-
ments. To this end, assays monitoring the enzymatic activity of MSC-
EV-associated contents provide several advantages and have already
been used for the functional testing of MSC-EV products [12�14].

CD73 is a bona fide cell surface antigen of MSCs and their EVs
[15,16]. It possesses ecto-5’-nucleotidase activity and participates in
the purinergic signaling pathway, which, upon activation by
adenosine phosphates, triggers pro-inflammatory immune responses
[17,18]. Although extracellular adenosine triphosphate and adeno-
sine diphosphate are cleaved by the ectoenzyme nucleoside triphos-
phate diphosphohydrolase 1/CD39 into adenosine monophosphate
(AMP) and free phosphate, the enzymatic activity of CD73 converts
AMP into anti-inflammatory adenosine and free phosphate
[27,28,29,30]. Since deficiency of CD73 enhances the severity of clini-
cal aGVHD symptoms in mice [19], the authors decided to explore
the utility of ecto-5’-nucleotidase activity in distinguishing MSC-EV
preparations revealing or lacking immunomodulatory activity in the
mdMLR assay. Accordingly, in this study, the authors adopted an
enzymatic ecto-5’-nucleotidase activity assay quantifying free phos-
phate concentration and determined this activity in independent
MSC-EV preparations.

Methods

Cultivation of MSCs

Human MSCs were cultivated from the bone marrow of healthy
donors after obtaining informed consent according to the Declaration
of Helsinki as described previously [3,20]. Briefly, MSCs were
expanded in low-glucose Dulbecco’s Modified Eagle’s Medium
(Lonza, Basel, Switzerland) supplemented with 10% human platelet
lysate (hPL), 100 U/mL penicillin�streptomycin�L-glutamine
(Thermo Fisher Scientific, Waltham, MA, USA) and 5 IU/mL heparin
(Ratiopharm, Ulm, Germany). Medium exchange was performed
when MSCs reached a confluency of 50%, after which media were col-
lected every 48 h and centrifuged at 2000 £ g for 15 min to remove
cellular debris until MSC culture reached a confluency of about 80%.
CMs were stored at �20°C until use. All processed CMs tested nega-
tive for mycoplasma. Cultivated MSCs were characterized by flow
cytometry, and their osteogenic and adipogenic differentiation
potential was confirmed in vitro in full accordance with the MSC
identity criteria recently recommended by MSC-EV experts [15].

MSC-EV preparation with polyethylene glycol from MSC-CM

EVs were prepared from the CM of MSCs by applying a polyethyl-
ene glycol (PEG) ultracentrifugation-based purification strategy as
described previously [21,22]. Briefly, MSC-CMs were thawed and
centrifuged at 6800 £ g for 45 min at 4°C in an Avanti J-26 XP centri-
fuge using a JS-5.3 swing-out rotor with a k-factor of 7728 (Beckman
Coulter, Krefeld, Germany). This was followed by a 0.22-mm filtration
step using a Nalgene bottle-top filter (Thermo Fisher Scientific). PEG
6000 (Sigma-Aldrich, Deisenhofen, Germany) and sodium chloride
(NaCl) were added to clarified MSC-CM to a final concentration of
10% PEG 6000 (v/v) and 75 mM NaCl. Following incubation overnight
at 4°C, EVs were pelleted in a JS-5.3 swing-out rotor in an Avanti J-26
XP centrifuge at 1500 £ g for 30 min at 4°C (k-factor, 7728). Subse-
quently, pellets were resuspended, washed in 65 mL 0.9% NaCl and
transferred into 70-mL polycarbonate centrifuge tubes (Beckman
Coulter). EVs were reprecipitated at 110000 £ g for 130 min at 4°C in
an XPN-80 ultracentrifuge using a Ti45 tight-angle rotor with a k-fac-
tor of 133 (Beckman Coulter). Obtained pellets were resuspended in
0.9% NaCl and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES;Thermo Fisher Scientific) at 4 £ 107 cell equiva-
lents/mL, aliquoted into micro-centrifugation low-retention tubes
(Kisker Biotech GmbH & Co KG, Steinfurt, Germany) and stored at
�80°C until use.

Nanoparticle tracking analysis

MSC-EV preparations were characterized according to the
updated Minimal Information for Studies of Extracellular Vesicle
guidelines [6]. Nanoparticle tracking analyses were performed on a
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ZetaView (Particle Metrix GmbH, Meerbusch, Germany) for particle
quantification and average size estimation. Polystyrene beads mea-
suring 100 nm (Thermo Fisher Scientific) were used for calibration.
Videos were recorded at all 11 positions with five repetitions. Posi-
tions two and 10 were excluded for the final result. The machine was
set up as follows: sensitivity 75, shutter 75, minimum brightness 20,
minimum size 5 and maximum size 200 (see supplementary Table 1).

Protein content of MSC-EV preparations

The protein content of the MSC-EV preparations was determined
using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions (see supplementary
Table 1).

Western blot

Western blot was performed as described previously [21]. Briefly,
MSC-EV preparations (25 mg) were solubilized and denatured using
Laemmli sample buffer (4£) containing dithiothreitol (AppliChem
GmbH, Darmstadt, Germany) and separated by 12% one-dimensional
sodium dodecyl sulfate�polyacrylamide gel electrophoresis. Proteins
were plotted on polyvinylidene fluoride membranes (MilliporeSigma,
Darmstadt, Germany), and membranes were blocked with Tris-buff-
ered saline and 0.1% Tween 20 containing 5% (w/v) skim milk powder
(Sigma-Aldrich). For the detection of exosomal marker proteins, the
following antibodies were used: anti-Syntenin (clone EPR8102;
Abcam, Cambridge, UK), anti-CD81 (clone JS-81; BD Biosciences, San
Jose, CA, USA), anti-CD9 (clone VJ1/20.3.1; kindly provided by Fran-
cisco S�anchez, Madrid, Spain) and anti-CD63 (clone H5C6; BioLegend,
San Diego, CA, USA). Anti-calnexin (clone ab10286; Abcam) antibod-
ies were used for the detection of contaminants. Bound antibodies
were counter labeled with horseradish peroxidase-conjugated sec-
ondary antibodies (Dianova, Hamburg, Germany). SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific,
Darmstadt, Germany) was used for signal detection. Protein bands
were visualized using a Fusion FX7 chemiluminescence detection
system (Vilber Lourmat Deutschland GmbH, Eberhardzell, Germany).
EM-MENU 4.09.83 image acquisition software was used to take 16-
bit images. Image post-processing was carried out using ImageJ 1.52b
software (National Institutes of Health, Bethesda, MD, USA).

Imaging flow cytometry

Unless otherwise mentioned, staining of MSC-EV preparations
was performed as described previously [23,24]. Briefly, 5 mL PEG-
prepared MSC-EV samples were labeled with 0.5 mL allophycocyanin
(APC)-conjugated mouse anti-human CD63 (clone MEM-259; EXBIO
Praha, a.s., Vestec, Czech Republic) or mouse IgG1 isotype (clone
MOPC-21; BioLegend) for the detergent experiments. Additionally,
for further characterization, 5 mL PEG-prepared MSC-EV samples
were labeled with phycoerythrin (PE)-conjugated mouse anti-human
CD9 (clone MEM-61; EXBIO Praha, a.s.) or fluorescein isothiocyanate
(FITC)-conjugated mouse anti-human CD81 (clone JS-84; Beckman
Coulter). Unstained samples and buffer controls without MSC-EVs
but with antibodies were used as controls. All samples were incu-
bated for 1 h in the dark at room temperature and diluted 100-fold
for anti-CD9 and 40-fold for anti-CD63 or anti-CD81 with pH 7.4
phosphate-buffered saline (PBS, Thermo Fisher Scientific) before
analysis.

Next, without further washing, samples were analyzed with an
Amnis ImageStreamXMk II instrument (Luminex Corporation, Seattle,
WA, USA). Different concentrations of non-ionic detergents Tween
20 and NP-40 (0.1%, 0.25%, 0.5% and 1%) were used for evaluation of
the EV characteristics of recorded objects. All samples, which were
applied in U-bottom 96-well Falcon plates (Corning GmbH,
Kaiserslautern, Germany), were analyzed in triplicate with 5-min
acquisition time per well. All data were acquired at 60£ magnifica-
tion at low flow rate and with the removed beads option deactivated.
More details are provided in supplementary Tables 2 and 3. Data
analysis was performed exactly as described before using IDEAS 6.2
software (Luminex Corporation) [23,24]. All fluorescent events were
plotted against the side scatter. A combined mask feature (MC and
NMC) was used to improve the detection of fluorescent images.
Images were analyzed for coincidences (swarm detection) using the
spot counting feature; any event with multiple spots was excluded.
All remaining events with low side scatter (<500) and a fluorescent
intensity higher than 300 were used for calculation of concentrations.
Data were visualized with Prism 8.4.2 software (GraphPad Software,
San Diego, CA, USA).

Multi-donor mixed lymphocyte reaction

To evaluate in vitro the immunomodulatory activities of prepared
MSC-EV samples, the authors performed mdMLR assays as described
previously [7]. Briefly, peripheral blood MNCs (PBMCs) from 12 dif-
ferent donors were isolated by conventional Ficoll density gradient
centrifugation and pooled using equivalent cell numbers from each
donor and aliquoted. The aliquots of PBMC pools were stored in the
vapor phase of liquid nitrogen until use. Upon thawing, PBMCs were
cultured in Roswell Park Memorial Institute 1640 medium (Thermo
Fisher Scientific) supplemented with 10% human AB serum (pro-
duced in-house), 100 U/mL penicillin and 100 mg/mL streptomycin
(Thermo Fisher Scientific). A total of 6 £ 105 cells in a final volume of
200 mL per well were cultured at 37°C and 5% carbon dioxide in the
presence and absence of MSC-EV preparations in 96-well U-bottom
Falcon plates. PBMCs cultured in the absence of MSC-EVs served as
the stimulated control. For functional testing, 25 mg of given MSC-EV
preparations was applied to the respective wells. After 5 days of cul-
ture, cells were harvested and stained with a cocktail of fluorescently
labeled antibodies: anti-CD4-BV785 (clone RPA-T4, 300554; BioLe-
gend), anti-CD25-PE (clone BC-96, 12-0259-42; Thermo Fischer Sci-
entific) and anti-CD54-AF700 (clone 1H4, A7-429-T100; EXBIO Praha,
a.s.). The authors used 7-aminoactinomycin D for the identification of
dead cells. Data acquisition was performed on a CytoFLEX flow
cytometer with CytExpert 2.3 software (Beckman Coulter). Obtained
data were analyzed with Kaluza Analysis 2.1 software (Beckman
Coulter). Flow cytometry data are shown as total cell counts.

CD73 assay

A Malachite Green colorimetric assay kit (Sigma-Aldrich) was
applied to quantify the production of inorganic phosphate from 5’
AMP substrate according to the manufacturer’s instructions. Briefly,
MSC-EV preparations (25 mg) diluted in NaCl and 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid were added to 50

AMP (50 mM) diluted in the same buffer. Following incubation for 1 h
at 37°C, the colorimetric reagent was added. The absorbance was
measured after 30 min at 620 nm on a PowerWave XS microplate
reader (BioTek Instruments, Winooski, VT, USA). Processed AMP
amounts were calculated by comparing the absorbance values with a
pre-recorded standard curve. As a control, the CD73 inhibitor
a,b-methyleneadenosine 50-diphosphate (APCP) (Sigma-Aldrich)
was added to selected samples to a final concentration of 10 mM. To
study the requirements for EV integrity, the authors treated selected
samples with different concentrations of non-ionic detergents Tween
20 and NP-40 (0.1%, 0.25%, 0.5% and 1%).

Statistical analysis

Data are presented as mean § standard deviation. After testing for
Gaussian distribution, continuous variables were compared using an
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unpaired t-test. Statistical significance was defined as P � 0.05. Statis-
tical analyses were performed using Prism 8.4.2 (GraphPad Software).

Results

Immunomodulatory properties differ among independent MSC-EV
preparations

With the aim of exploring the utility of enzymatic CD73 assays for
the prediction of functional properties of independent MSC-EV prep-
arations, the authors selected a collection of eight independent MSC-
EV preparations that showed or lacked immunomodulatory activities
in the mdMLR assay in the past. Since in addition to inter-donor vari-
ability the authors also observed, to various degrees, batch-to-batch
activity variations for MSC-EV products produced from aliquots of
the same donor MSC stocks, the authors selected different MSC-EV
batches of the two most frequently used donor MSC stocks (i.e.,
MSC16.3 and MSC41.5). Notably, although most MSC16.3-EV prepa-
rations lack immunomodulatory in vitro activities, most MSC41.5-EVs
contain them.

The authors selected the two atypical MSC16.3-EV preparations
that appeared active in mdMLR (16.3-EVa1, 16.3-EVa2) and the two
atypical MSC41.5-EV preparations that appeared inactive (41.5-EVi1,
41.5-EVi2). A representative inactive MSC16.3-EV preparation (16.3-
EVi) and a representative active MSC41.5-EV preparation (41.5-EVa)
were also selected in addition to an active and inactive MSC-EV prep-
aration from other donors (70.5-EVa, 84-EVi).

To exclude the possibility that functional properties had changed
during storage of the MSC-EV samples and to have appropriate refer-
ences, the authors at first retested the immunomodulatory activity of
all eight samples in the mdMLR assay. Compared with the stimulated
MNCs that were cultured in the absence of MSC-EVs (control), four of
the eight MSC-EV preparations did not modulate the content of acti-
vated CD4 T cells (i.e., CD54+CD25+CD4+ cells), whereas the other
four MSC-EV preparations significantly reduced CD54+CD25+T-cell
numbers. Confirming previous evaluations, the authors qualified the
MSC-EVs 16.3-EVa1, 16.3-EVa2, 41.5-EVa and 70.5-EVa as MSC-EV
preparations with mdMLR immunomodulatory activities (MSC-EVa)
and the MSC-EV 16.3-EVi, 41.5-EVi1, 41.5-EVi2 and 84-EVi as MSC-EV
preparations without mdMLR immunomodulatory activities (MSC-
EVi) (Figure 1).

Immunomodulatory activities of MSC-EV preparations are not reflected
by metric EV data

To compare the mdMLR data with metric features of the given
MSC-EV preparations accurately, the authors again performed west-
ern blot and imaging flow cytometry analyses of all MSC-EV samples
used in this study in parallel. 25-mg of given MSC-EV samples and as
a control of the respective hPL-EV samples that had been prepared
from fresh MSC media (10% pooled hPL-supplemented Dulbecco’s
Modified Eagle’s Medium), the authors observed variabilities in the
band intensities of all EV markers tested (CD9, CD63, CD81 and Synte-
nin) (Figure 2A). Notably, as before, the authors detected lower CD81
and higher CD9 levels in the hPL-EV control than the MSC-EV sam-
ples [7]. Calnexin, which was used as an impurity marker, was not
detected in any of the EV samples but was detected in a control sam-
ple containing material of lysed MSCs (see supplementary Figure 1).
For analysis, the authors quantified the intensity of the western blot
bands and compared their intensities with the immunomodulating
activities of MSC-EVs. However, the authors did not find any correla-
tion (Figure 2B). Next, the authors analyzed the composition of CD9+,
CD63+ and CD81+ objects in each of the given MSC-EV samples with
imaging flow cytometry (Figure 2C; also see supplementary Figure
2). Consistent with the results of western blot, the abundance of
CD9+, CD63+ and CD81+ object populations did not correlate with the
mdMLR modulatory properties of the investigated MSC-EV prepara-
tions (Figure 2D). Thus, as in the authors’ previous study [7], obtained
metric EV data did not correlate with the explored immunomodula-
tory activity of the given MSC-EV preparations.

MSC-EV preparations possess ecto-5’-nucleotidase activity

The authors performed dose-finding experiments to explore ecto-
5’-nucleotidase concentrations in mdMLR immunomodulatory and
non-immunomodulatory MSC-EV preparations. To this end, the
authors applied the MSC-EV preparations 16.3-EVa1, 16.3-EVi and
41.5-EVi2 in different concentrations to monitor CD73 enzyme activ-
ity. For simplicity, doses were defined according to the protein con-
tent of the MSC-EV preparations. In total, six different doses, ranging
from 5 mg to 100 mg per sample, were applied in duplicate in three
independent experiments. To monitor the impact of the buffer, 50

AMP and the CD73 inhibitor APCP were applied as controls separately
or together with the respective MSC-EV preparations. Both active and
inactive MSC preparations showed a dose-dependent increase in free
phosphate production that correlated with the amount of MSC-EV
preparation that was applied (Figure 3A). As expected, in the pres-
ence of APCP, EV samples did not show any ecto-5’-nucleotidase
activity.

Since the MSC-EV preparations contained human platelet-derived
EVs [24�26], the authors also tested the ecto-5’-nucleotidase activity
of EV preparations obtained from hPL-supplemented fresh MSC
medium. However, no ecto-5’-nucleotidase activity was detected in
any of the three independently prepared hPL-EV samples (hPLa, hPLb
and hPLc) (Figure 3B). Thus, the results demonstrated that ecto-5’-
nucleotidase activity is of MSC origin.

Ecto-5’-nucleotidase activity of MSC-EV preparations is donor-related
and does not correlate with recorded mdMLR immunomodulatory
activity

To evaluate whether ecto-5’-nucleotidase concentration was com-
parable among independent MSC-EV preparations, the authors ana-
lyzed the free phosphate production of all selected MSC-EV
preparations in duplicates in parallel, as before, the authors again
applied 25mg of each MSC-EV preparation. Remarkably, independent
of their immunomodulatory activities within the mdMLR assay, all
16.3 and all 41.5 MSC-EV samples displayed comparable ecto-5’-
nucleotidase activities. Of note, the ecto-5’-nucleotidase activities
within the 41.5 MSC-EV samples were significantly higher than those
in the 16.3 MSC-EV samples (P = 0.001) (Figure 4A,B). Notably, there
was no correlation between the mdMLR immunomodulatory activity
and the recorded ecto-5’-nucleotidase activity (P = 0.696) (Figure 4C).
Thus, the authors concluded that ecto-5’-nucleotidase activity was
independent of the MSC-EV preparation immunomodulatory activity
measured in the mdMLR assay.

EV integrity is not required for ecto-5’-nucleotidase activity in MSC-EV
preparations

Next, the authors investigated whether ecto-5’-nucleotidase
activity depended on the integrity of the EVs within the MSC-EV
preparation samples. Since EVs are detergent-sensitive, 25 mg ali-
quots of the MSC-EV preparation 16.3i were treated with different
concentrations of the non-ionic detergent Tween 20 or NP-40 (0.1%,
0.25%, 0.5% and 1%). The impact of the detergent on the EV samples
was documented via anti-CD63 antibody labeling by imaging flow
cytometry. Compared with untreated control samples, fewer CD63+

objects were recorded after treatment with 0.1% Tween 20 or 0.1%
NP-40. After applying NP-40 at a final concentration of 0.25% or
greater, almost no CD63+ objects were detected; however, a huge
proportion of CD63+ objects were Tween 20-resistant (Figure 5A).



Fig. 1. MSC-EV preparations differ regarding their immunomodulatory activity. The immunomodulatory activity of different MSC-EV preparations was evaluated in the mdMLR
assay. Within a culture period of 5 days, in comparison with control cultures, MSC-EV preparations considered to be immunomodulatory active reduced the frequency of activated
CD4+ T cells that were identified as CD25+CD54+ cells. By contrast, MSC-EV preparations judged as immunomodulatory inactive did not considerably influence the content of acti-
vated CD4+ T cells in comparison with the respective control cultures. (A) MNCs were gated according to their light scatter features. Among single, non-7-AAD-labeled cells, CD4 T
cells were identified as CD4+ cells. (B) Frequencies of living activated CD4 T cells (CD25+CD54+) cultured for 5 days in the absence (Stim) or presence of MSC-EV preparations derived
from different MSC cell stocks (16.3-EVa1, 16.3-EVa2, 16.3-EVi, 41.5-Eva, 41.5-EVi1, 41.5-EVi2, 70.5-EVa and 84-EVi). Each row represents mdMLR assays that were performed in par-
allel. FSC-A, forward scatter area; 7-AAD, 7-aminoactinomycin D; SSC-A, side scatter area; Stim, stimulated.
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Fig. 2. Western blot and IFCM analyses reveal no correlation of EV marker abundancies with mdMLR results. Western blot and IFCM analyses of all samples were performed in par-
allel. For western blot, EV samples prepared from fresh hPL-supplemented cell culture media (hPL-EVs) and lysed MSCs were used as controls. (A) Western blot bands following
sequential anti-CD81, anti-CD9 and anti-CD63 staining as well as anti-Syntenin staining (images of whole blots are presented in supplementary Figure 1). (B) Correlation analysis
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Fig. 3. Ecto-5’-nucleotidase activity is of MSC origin and can be analyzed quantitatively. For quantification of ecto-5’-nucleotidase activity within MSC-EV preparations, a Malachite
Green colorimetric assay was used. This assay is based on the quantification of inorganic phosphate that is cleaved by the ecto-5’-nucleotidase activity of provided samples from a
given AMP substrate. (A) MSC-EV preparation samples were applied according to their protein content (5�100 mg). A couple of controls were provided, containing different combi-
nations of sample buffer (Buffer), 25 mg of given MSC-EV preparations, the ecto-5’-nucleotidase inhibitor APCP and/or the AMP substrate. (B) As additional controls, 25 mg of each
of three independent hPL-EV preparations was tested for ecto-5’-nucleotidase activity. Data were obtained from three independent experiments performed in duplicates. Results
are presented as mean § standard deviation of duplicates.
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These results demonstrated that CD63+ EVs in the authors’ MSC-EV
preparations were NP-40-sensitive. In addition, the authors deter-
mined the ecto-5’-nucleotidase activity of detergent-treated samples.
Independent of the detergent concentration, no significant reduction
in recorded ecto-5’-nucleotidase activity was observed among deter-
gent-treated and untreated MSC-EV samples (Figure 5B). Overall, in
the authors’ MSC-EV preparations, the results demonstrated that EV
integrity was not required for ecto-5’-nucleotidase activity.
Discussion

Here the authors explored whether the ecto-5’-nucleotidase
activity of given MSC-EV preparations reflected their immunomodu-
latory ability to suppress T-cell activation in an allogeneic setting,
especially in the mdMLR assay. Independent of recorded immuno-
modulatory activity, the authors demonstrated that independent
MSC-EV batches produced from CMs of MSCs cultivated from the
same donor cell stocks contain comparable ecto-5’-nucleotidase
activity and that this activity differs between MSC-EV preparations of
different donors. Furthermore, the authors demonstrated that EV-
destroying detergent treatment does not reduce the ecto-5’-nucleo-
tidase activity of MSC-EV samples. Thus, ecto-5’-nucleotidase activity
performed with unpaired t-test for western blot band intensities as calculated by ImageJ an
samples. (C) Abundance of CD9+, CD63+ and CD81+ objects in the different MSC-EV samples a
vided in supplementary Figure 2. The concentration of recorded objects is provided as objec
obtained IFCM data and immunomodulatory properties of active (MSC-EVa) and inactive (MS

The p values for the western blots are: CD81 p=0.551; CD9 p=0.976; CD63 p=0.964.
The p values for the IFCM analyses in D are: CD9 p=0.383; CD63 p=0.944; CD81 P=0.884.
provides no information about the immunomodulatory activity of
given MSC-EV samples, as measured by the mdMLR assay, or the
quality of EVs, especially with regard to their integrity. Consequently,
the authors conclude that although this assay is very precise and
reproducible, it does not allow functional discrimination of MSC-EV
samples containing or lacking immunomodulatory activity.

Since the predictions obtained from the mdMLR assay correlate
well with the ability of MSC-EV preparations to suppress aGVHD
symptoms in aGVHD mice, the authors conclude that the CD73 activ-
ity assay is also not appropriate for discriminating MSC-EV samples
containing or lacking the ability to suppress aGVHD symptoms.

The fact that MSC-EV samples lacking the ability to suppress
aGVHD symptoms contain ecto-5’-nucleotidase demonstrates that
this activity is not sufficient for improving aGVHD. As discussed
more recently, the authors hypothesize that MSC-EV preparations
act in multifaceted ways and that, depending on disease-specific
MoA combinations, attributes need to act together to suppress a
certain disease [1]. Thus, even if the authors’ results clearly demon-
strate that ecto-5’-nucleotidase itself is not sufficient to suppress
aGVHD, it remains an open question as to whether CD73 activity
contributes to MSC-EV anti-GVHD activity. The observation that
CD73 deficiency enhances the severity of aGVHD symptoms in mice
[19] argues for its involvement in controlling aGVHD. To
d immunomodulatory properties of active (MSC-EVa) and inactive (MSC-EVi) MSC-EV
s quantified by IFCM. The applied gating strategy and examples for the analyses are pro-
t/mL § standard deviation. (D) Correlation analysis performed with unpaired t-test for
C-EVi) MSC-EV samples. IFCM, imaging flow cytometry.



Fig. 4. Ecto-5’-nucleotidase activity is related to the donor material rather than the MSC-EV preparation’s ability to modulate allogeneic immune reactions within the mdMLR assay.
(A) For the ecto-5’-nucleotidase assay, 25 mg of each of the eight different MSC-EV preparations was applied in duplicate. The recorded ecto-5’-nucleotidase activity is depicted in
relation to the (A) different samples, (B) MSC donor and (C) MSC-EV preparation’s ability to modulate allogeneic immune responses within the mdMLR assay. (B,C) Each data point
represents the mean of the duplicate. Data are presented as mean § standard deviation. Unpaired t-test was used for statistical analysis. ns, not significant (P = 0.696).
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understand whether CD73 contributes to the pre-clinical effect,
CD73 activity needs to be specifically blocked or depleted in MSC-
EVs. This could be achieved by, for example, CRISPR-Cas9-mediated
knockout strategies as long as the loss of CD73 gene function does
not significantly affect other biological properties of engineered
MSCs. However, even though it will be interesting to learn about
the role of CD73 activity in MSC-EV MoA, the authors’ MSC-EV
preparations cannot be functionally discriminated by this assay.
Therefore, there must be another component that determines
whether the authors’ MSC-EV preparations can modulate the
Fig. 5. Ecto-5’-nucleotidase activity in MSC-EV preparations is detergent-resistant. MSC-EV
(0.1%, 0.25%, 0.5% and 1%). (A) Ratio of detectable CD63+ objects in detergent-treated MSC-E
ecto-5’-nucleotidase activity of detergent-treated MSC-EV preparation samples. Data are pre
allogeneic immune reaction in vitro or in vivo. Although the
authors compared the particle and EV abundance of selected EV
markers in this study, it was impossible to identify any surrogate
that allowed for discrimination of immunomodulatory active and
inactive MSC-EV preparations. Notably, in the context of their
aGVHD study [7], the authors compared potent and non-potent
MSC-EV preparations at the proteomic and microRNA level and
failed to identify any concrete surrogate marker. Thus, at the
molecular level, immunomodulatory active and inactive MSC-EV
samples are very similar, especially as presented by means of
16.3i was treated with different concentrations of the detergent Tween 20 or NP-40
V preparation samples compared with that of untreated control samples. (B) Recorded
sented as mean § standard deviation of duplicates.
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their ecto-5’-nucleotidase activity when they are derived from the
same donor MSC stocks.

Conclusions

One of the challenges of the next few years is to identify differen-
ces among potent and non-potent MSC-EV samples. Thus, even if the
authors cannot provide any explanation for the different activities of
their different MSC-EV samples, the data underscore the need to set
up reliable assays that can monitor the critical therapeutic activity of
given MSC-EV products. Although the mdMLR assay may not become
qualified as a potency assay as a result of its use of primary human
cells, it is definitely a valuable surrogate for a number of animal
experiments. In the future, the mdMLR assay may help to identify
other assays that will provide comparable functional predictions and
that, because of their characteristics, will be more easily qualified as
potency assays.

In the meantime, as exemplified here, appropriate potency testing
remains one of the major hurdles in translating MSC-EV products to
the clinic.
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