Received: 24 March 2021 Revised: 4 June 2021 Accepted: 8 June 2021

Published online: 1 July 2021

DOI: 10.1002/ctm2.476

LETTER TO EDITOR

CLINICAL AND TRANSLATIONAL MEDICINE
————— D

WILEY

Small-sized mesenchymal stem cells with high glutathione
dynamics show improved therapeutic potency in

graft-versus-host disease

Dear Editor,

Graft-versus-host disease (GVHD) is a major complication
of allogeneic hematopoietic stem cell (SC) transplanta-
tion with standard first-line treatment consisting of admin-
istration of systemic high-dose steroids.! Unfortunately,
effective therapies and standards of care are lacking for
second-line treatment in patients with steroid-refractory
disease, resulting in poor prognosis.! Mesenchymal-SCs
(MSCs) have regenerative, immunomodulatory, and anti-
inflammatory properties,” making their administration a
promising strategy to treat incurable GVHD.?* MSCs, how-
ever, are heterogeneous, with differences in their morpho-
logic and molecular characteristics, leading to different
outcomes in preclinical and clinical studies.*

We previously demonstrated that small-sized MSCs
enriched by hypoxic conditions represent the most prim-
itive population of MSCs, showing enhanced stemness
and immunomodulatory effects.’ In addition, glutathione
(GSH) dynamics, which represent cellular antioxidant
capacity, are key in determining the core functions and
therapeutic efficacy of human MSCs through a signal-
ing cascade involving cyclic adenosine monophosphate
response element-binding protein-1 (CREB1) and nuclear
factor (erythroid-derived-2) like-2 (NRF2).%’ Primitive
MSCs have exhibited therapeutic efficacy in cell culture-
based assays and a humanized GVHD mouse model.>’

Primitive MSCs, which reside in specific niches in vivo,
are extremely difficult to stabilize in vitro, largely due
to chronic oxidative stress and epigenetic instability.® To
overcome this drawback, MSCs were treated with ascorbic
acid 2-glucoside (AA2G), a stable vitamin-C derivative
that enhances the primitiveness and epigenetic integrity
of MSCs through a CREBI-dependent mechanism.’
Indeed, human umbilical-cord derived MSCs (UC-MSCs)
cultured with 0.74 mM AA2G stimulated the translocation
of NRF2 protein into the nucleus and upregulated the
expression of major genes targeted by CREBI-NRF2

(e.g., GCLM, GCLC, PRDXI, and GSR), indicating that
the NRF2 pathway was activated and redox homeostasis
preserved in MSCs’ (Figure S1). Further stimulation of
these AA2G-primed MSCs with sphingosine-1-phosphate
(S1P) and valproic acid (VPA) improved their in vivo
engraftment.!’ This novel ex vivo expansion procedure
was termed Primed/Fresh/OCT4 (PFO) enrichment.

We first examined whether altering the duration of
AA2G treatment could affect the maintenance of primi-
tive small-sized MSCs (Figure S2A). Flow cytometric and
microscopic analyses showed that populations of enlarged
cells were progressively increased as UC-MSCs were
expanded under normal (naive) culture conditions. The
PFO-procedure, however, protected UC-MSCs (PFO/UC-
MSCs) from replication-induced cell size enlargement
(Figures 1A and 1B). This protective effect was first
observed after 4 days of AA2G supplementation and was
sustained over eight passages (11 days) of expansion of UC-
MSCs from two independent donors (Figures S2B-S2D),
with little change in their multi-potency and cell surface
phenotypes (Figure S3). The PFO-procedure was also
effective for preserving small-sized adipose-derived MSCs
(AD-MSCs) (Figure S4).

Small-sized UC-MSCs enriched by the PFO-procedure
were resistant to replicative senescence, with enhanced
proliferation activity (Figures 1C, S5A, and S5B) and lit-
tle expression of senescence-associated S-galactosidase
(Figures 1D and S5C). PFO/UC-MSCs exhibited lower
expression of cyclin-dependent kinase inhibitors, such
as p21°""! and p53, but higher expression of the stem-
ness marker BMII, than naive cells (Figures 1E and 1F).
PFO/UC-MSCs consistently expressed the pluripotency-
specific transcripts OCT4A and SOX2 (Figure 1G), find-
ings validated by the intra-nuclear staining of OCT4 and
SOX2 proteins (Figure 1H). In addition, the OCT4 promoter
of PFO/UC-MSCs had an open chromatin structure with
lower levels of DNA methylation (Figure 1I). Moreover,
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FIGURE 1 Invitro stabilization of primitive small-sized UC-MSCs by the PFO-procedure. (A and B) Flow cytometric (A) and
microscopic (B) analyses of the sizes of normal (naive) human UC-MSCs and of UC-MSCs subjected to the PFO-procedure by treatment with
AA2G for the indicated number of days. Quantitative results are presented as ratios of the sizes of PFO- to naive UC-MSCs, with the latter set
at 1. UC-MSCs from two independent donors (#1 and #2) were used (n = 5 for each donor MSC). **p < 0.01, ***p < 0.001 compared with
UCHL; ##p < 0.01, ###p < 0.001 compared with UC#2. Representative flow cytometry results (A) and microscopic images in suspension

(B, X 200 magnification, scale bar = 100 um) show PFO/UC-MSCs treated with AA2G for 7 days. (C and D) Growth kinetics (C, n = 4) and SA
B-gal staining (D, n = 7) assays during ex vivo expansion for 11 days of naive and PFO UC-MSCs. Cell proliferation was determined by MTT
assays. (D) Representative images (AA2G treatment for 7 days) are shown at X 200 magnification. Scale bar = 100 um. (E) Quantitative results
(n = 4) of transcript levels of genes associated with replicative senescence (p2I) and stemness (BMI1). (F) Western blotting (upper panel) and
quantification (lower panel, n = 4) of BMI1 and p53 proteins in naive and PFO UC-MSCs from two independent donors (UC#1 and UC#2)
treated with AA2G for 7 days (left panel) and in early and late passage samples (right panel). The levels of expression of BMI1 and p53 proteins
were normalized relative to the levels of the loading control, -actin, in the same samples. (G and H) Quantitative results (n = 4) of transcript
levels of OCT4 and SOX2 genes (G) and immunofluorescence staining of OCT4 and SOX2 proteins (h) (green, X 1000 magnification, scale

bar = 10 um) in naive and PFO UC-MSCs. Nuclei were counterstained with DAPI (blue). (I) Bisulfite sequencing results (n = 4) of the human
OCT4 promoter in naive and PFO UC-MSCs. Methylated and unmethylated CpG sites in bisulfite sequences are shown as filled and open
circles, respectively. The percentage of methylated CpG sites is shown under each BSS result profile. All quantitative data are shown as the
means + SEM. Statistical analyses were performed using one-way (E and G) or two-way (A, C, and F) ANOVA with Bonferroni post hoc tests
or non-parametric Mann-Whitney U tests (I). *p < 0.05, **p < 0.01, ***p < 0.001 compared with naive UC-MSCs
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these cells were enriched in transcriptionally favorable his-
tone modifications (Figure S6).

To assess whether the PFO-procedure could affect the
GSH dynamics of MSCs, the qualitative and quantitative
aspects of GSH-recovering capacity (GRC) were monitored
in real-time (Figure 2A) using FreSHtracer, a reversible
chemical probe for GSH that allows non-destructive, inte-
grated, and image-based high-throughput assays.*’ Com-
pared with naive cells, PFO/UC-MSCs exhibited higher
basal GSH levels and GRC activity after a short exposure
to 100 uM diamide, a thiol-specific oxidant (Figure 2B). In
agreement with results showing that GRC activity was rep-
resentative of the core functions of MSCs,” PFO/UC-MSCs
exhibited higher colony forming unit-fibroblast (CFU-F)
activity (Figure 2C), chemoattraction to platelet-derived
growth-factor (PDGF) (Figure 2D), and anti-inflammatory
potency (Figures 2E and S7A) than naive cells. The PFO-
procedure also had beneficial effects on AD-MSCs derived
from two independent donors (Figure S8). In addition,
genes related to stemness, cell migration, growth-factors,
chemokines, inflammation, and immune-modulation
were upregulated in PFO/UC-MSCs (Figures 2F and S9).

Evaluation of immune-modulation activity showed
that PFO/UC-MSCs suppressed in vitro proliferation of
CD3* T-cells in human peripheral blood mononuclear
cells (PBMCs) by stimulating phytohemagglutinin (Fig-
ure 2G). PFO/UC-MSCs strongly inhibited the prolifera-
tion of PBMCs upon allogeneic stimulation (Figure 2H)
and secreted higher levels of PGE2,” a soluble immune-
modulatory factor, than naive cells (Figure S7B). Collec-
tively, these results demonstrate that the PFO-procedure
can enrich for small-sized primitive MSCs with higher
GSH dynamics that are resistant to senescence, while pos-
sessing the enhanced core functions of MSCs.

To confirm the in vivo relevance of these findings, the
therapeutic potency of PFO/UC-MSCs was investigated in
a humanized GVHD mouse model induced by the trans-
plantation of human PBMCs.>’ Although all mice trans-
planted with human PBMCs alone died within 60 days,
those transplanted with naive cultured and PFO-processed
UC-MSCs had survival rates of 60% and 90%, respectively
(Figure 3A). Weight loss was lower in GVHD mice trans-
planted with PFO/UC-MSCs than with naive cells (Fig-
ures 3B and S10). Injection of PFO/UC-MSCs significantly
ameliorated the clinical scoring and histological injuries
in the organs targeted in GVHD, including the small
intestine, lungs, liver, and kidneys (Figures 3C and 3D).

Mechanistic insight into these findings was provided by
multiplex cytokine profiling of serum and flow cytometric
analysis of splenocytes in GVHD mice 42 days after trans-
plantation of human PBMCs. PFO/UC-MSCs effectively
reduced the serum concentrations of human cytokines
and chemokines related to Th17 (e.g., IL17, IL6, and GM-
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CSF) and Thl (e.g., IFNy and IL18) helper T-cells and
to pro-inflammatory responses (e.g., CXCL13, TNFa, ILS,
and IL23) (Figures 3E and S11). PFO/UC-MSCs also fur-
ther reduced the populations of human CD45%, CD3%, and
CD3*CD4" cells in the spleens of GVHD mice (Figures 3F
and 3G), indicating that these cells have enhanced in vivo
anti-inflammatory and immunomodulatory activities.

The present study showed that the combination of three
small molecules, AA2G, S1P, and VPA, provided an opti-
mal environment for in vitro capture of primitive MSCs,
small-sized cells with high antioxidant capacity and thera-
peutic efficacy for treating GVHD (Figure S12). This simple
procedure is potentially applicable for evaluating the func-
tionality and/or therapeutic potency of other cell-based
therapies, including (i) MSCs derived from other sources,’
(ii) other types of SCs, (iii) OCT4-expressing adult SCs,
and (iv) immunomodulatory therapeutic cells such as
Tregs, NKs, and NKTs. The significance and limitations
of this study are discussed in detail in the Supplementary
Notes.
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Enhanced immunomodulatory activities of small-sized UC-MSCs with high GSH dynamics. (A and B) Schematic overview

(A) and FR plot (B) of the GSH-recovering capacity (GRC) and basal GSH levels in naive and PFO UC-MSCs, generated by AA2G treatment
for 7 days, as shown by FreSHtracer, in response to exposure to 100 uM diamide (arrow). The GSH dynamics index (GI) of each sample was

quantified based on both initial Fs,,/Fsg, fluorescence ratio (FR) (for baseline total GSH) and slope after diamide treatment (for GRC), as
previously described.” (B) FR plots with GI values (left panel) for each group (n = 6) and representative images (right panel) of Fs;, (GSH
bound) and Fsg, (GSH free) fluorescence. (C and D) Colony forming unit-fibroblast activity (C, CFU-F) and chemotactic transwell migration
activity in response to platelet-derived growth-factor (D, PDGF) of naive and PFO UC-MSCs generated by AA2G treatment for 7 days.
Representative results of each assay are shown in the left panel (D, X 200 magnification; scale bar=100 um). Data are presented as mean +

SEM (n = 6) ratios relative to naive cells and analyzed by non-parametric Mann-Whitney U tests. **p < 0.01 compared with the naive MSC
group. (E) In vitro anti-inflammation assays using conditioned media (CdM) prepared from the indicated UC-MSCs. Secretion of mouse
pro-inflammatory cytokines, including tumor necrosis factor-o (Tnfa), interleukin-6 (116), and C-C motif chemokine ligand-2 (Ccl2), by MH-S
cells, a murine alveolar macrophage cell line stimulated with LPS for 8 h in the absence or presence of CdM harvested from the indicated
cells. IMR90, a normal primary fibroblast line, was used for control. These data are reported as the mean + SEM (n = 4) ratios relative to naive
MSCs and analyzed by one-way ANOVA with Bonferroni post hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001 compared with naive cells.

###p < 0.001 compared with LPS-stimulated MH-S in the absence of CdM (No CdM). (F) Heatmap analysis of RQ-PCR assays showing the
expression of the indicated genes in naive and PFO human UC-MSCs from two independent donors (UC#1 and UC#2) generated by AA2G
treatment for the indicated number of days. Levels of expression are shown as fold changes relative to naive MSCs. Source data are available
in Dataset S1. (G and H) Representative flow cytometry cytograms and quantitative (n = 4) results of the suppression of T-cell proliferation
(CFSE~/CD3%) in PHA-stimulated (G) and allogeneic stimulated (H) PBMCs by co-culture with naive and PFO UC-MSCs (AA2G for 7 days).
(H) In the mixed lymphocyte reaction assays, single (PA) and allogeneic PBMCs (PA + PB) were co-cultured with the indicated human
UC-MSCs. Statistical analyses were performed using one-way (H) or two-way (G) ANOVA with Bonferroni post hoc tests. **p < 0.01,

***p < 0.001 compared with naive MSCs. ###p < 0.001 compared with controls for each assay (G, PBMC treated with PHA alone; H, PA + PB)
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FIGURE 3 Enhanced therapeutic efficacy of PFO/UC-MSCs in GVHD. (A and B) Survival rate (A) and body weight loss (B) evaluated
daily for 60 days in mice with humanized GVHD (NOD.Cg-Prkdc*Ii2rg""i'/Sz]), induced by intravenous injection of 1.0 X 10° human
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immunological changes in the GVHD mice 6 weeks after infusion of human PBMCs (n = 5 per group). (C and D) Quantification (n = 10) of
histological disease scores (C) and representative results of hematoxylin and eosin staining (D) (X 200 magnification; scale bar = 100 um) of
the indicated GVHD target organs. (E) Quantitative multiplex analysis of 28 human cytokines and chemokines in sera from the indicated
GVHD mice (n = 5 per group). Results for other human cytokines are presented in Figure S11. (F and G) Suppression of donor T-cell
population in GVHD mice administered with human PFO/UC-MSCs. Representative flow cytometric analysis of human (H) and mouse (m)
CD45* cells (F) and human T-cells expressing CD3 (hCD3) or CD4 (hCD4) (G) in splenocytes of GVHD mice from the indicated groups. All
quantitative data are presented as mean + SEM (n=5). Statistical analyses were performed using one-way (E and F) or two-way (A—C, and G)

ANOVA with Bonferroni post-test. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the naive group. ##p < 0.01, ###p < 0.001 compared
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