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Acute graft-vs.-host (GVHD) disease remains a common complication of allogeneic

stem cell transplantation with very poor outcomes once the disease becomes steroid

refractory. Mesenchymal stem cells (MSCs) represent a promising therapeutic approach

for the treatment of GVHD, but so far this strategy has had equivocal clinical efficacy.

Therapies using MSCs require optimization taking advantage of the plasticity of these

cells in response to different microenvironments. In this study, we aimed to optimize cord

blood tissue derived MSCs (CBti MSCs) by priming them using a regimen of inflammatory

cytokines. This approach led to their metabolic reprogramming with enhancement of

their glycolytic capacity. Metabolically reprogrammed CBti MSCs displayed a boosted

immunosuppressive potential, with superior immunomodulatory and homing properties,

even after cryopreservation and thawing. Mechanistically, primed CBti MSCs significantly

interfered with glycolytic switching and mTOR signaling in T cells, suppressing T cell

proliferation and ensuing polarizing toward T regulatory cells. Based on these data, we

generated a Good Manufacturing Process (GMP) Laboratory protocol for the production

and cryopreservation of primed CBti MSCs for clinical use. Following thawing, these

cryopreserved GMP-compliant primed CBti MSCs significantly improved outcomes in

a xenogenic mouse model of GVHD. Our data support the concept that metabolic

profiling of MSCs can be used as a surrogate for their suppressive potential in conjunction

with conventional functional methods to support their therapeutic use in GVHD or other

autoimmune disorders.
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FIGURE 4 | Primed CBti MSC improve outcome in a xenograft mouse model of GVHD. Impact of CBti MSC therapy in a xenograft mouse model of GVHD comparing

survival curve (A), evolution of clinical scores (B), and weight loss (C) over time for each group of recipient mice receiving PBS (control mice, black line), mice injected

with unprimed CBti MSCs (red line), or mice injected with primed CBti MSCs (purple line). Statistical significance is indicated as *p ≤ 0.05, **p ≤ 0.01 (n = 6 per

group). Arrows indicate the days of injection. (D) Plot of AST and ALT levels determined in the serum of mice at day 29 (n = 3). Statistical significance is indicated as

*p ≤ 0.05, **p ≤ 0.01. (E) Representative images of livers for each group. Magnification 20X. (F) Plot of the quantitative analysis of liver histological changes. The

grade of inflammation was determined for each animal at the end time point. (G) Heatmap of the surface expression of key chemokine receptors and adhesion

molecules involved in the homing of MSC analyzed by flow cytometry. (H) Biodistribution of DiR-labeled unprimed (red) and primed (purple) CBtiMSC over 72 h after

intravenously injection in a xenograft GVHD mice model. (I) Plot of cumulative data for radiant efficiencies in the total body. Paired t-test was performed and statistical

significance is indicated as *p ≤ 0.05.

Frontiers in Immunology | www.frontiersin.org 12 May 2021 | Volume 12 | Article 631353



Mendt et al. Metabolic Reprograming of MSCs Against GVHD

2

Primed
Unprimed

Isotype

A B

C D E

F G H

I J

K L

FIGURE 5 | Cryopreservation of MSC did not significantly impair the metabolic switch and immunosuppressive potential induced by the priming. (A) Representative

contour plots showing the viability of thawed unprimed and primed MSCs (n = 3). (B) Representative ECAR comparing thawed unprimed MSCs vs. primed MSCs

(Continued)
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FIGURE 5 | (n = 3). (C) Violin plots summarizing the ECAR data, basal ECAR (left panel), maximal ECAR (central panel) and glycolytic capacity (right panel) of thawed

primed MSCs (purple) and unprimed MSC (red). (D) Heatmap of key immunomodulatory molecules expressed by primed MSCs before and after cryopreservation

determined by flow cytometry. (E) Representative histograms of lymphocyte proliferation in vitro assessed using a Cell Trace CFSE Cell Proliferation showing the

inhibition of proliferation induced by fresh and thawed primed MSCs at different ratios. Numbers above the bracketed lines indicated the percentages of proliferated T

cells within the CD3+ CD4+ gate (n = 4). (F) Bar graph of the inhibition of T cell proliferation induced by primed MSCs in culture (fresh) and thawed at ratio 1:1 (n = 4).

(G) Biodistribution of DiR-labeled primed MSCs in culture vs. thawed with final organ harvested after 24 h of intravenously injected in a xenograft GVHD mice model.

(H) Plot of average radiance of injected CBti derived MSC showing the standard deviation. (I) Representative histograms of key immunosuppressive molecules

expressed on the surface of cryopreserved clinical grade cord tissue derived MSCs unprimed vs. primed (bioreactor) assessed by flow cytometry. (J) Survival curve

after thawed primed MSCs treatment (purple line) vs. GVHD control (black line). Arrows indicated the injection days. Statistical significance is indicated as *p ≤ 0.05.

Evolution of clinical scores (K) and weight loss (L) of animals untreated (black line) or treated with primed cryopreserved MSC (purple line) (n = 5 per group).

(18, 34), and the biologic heterogeneity of GVHD patients have
contributed to the failure to translate promising preclinical
results with MSCs to consistent amelioration of GVHD in the
clinic. Novel strategies that enhance the metabolic fitness of
MSCs, and maintain their functionality after cryopreservation, as
well as approaches to improve their capacity tomigrate to affected
organs are needed to address some of the clinical shortcomings
and improve patient outcomes.

In this study, we focused on the clinical advantages of
CBti MSCs as a cellular therapy source, due their easy
collection and high proliferative capacity. Since infused MSCs
are immediately subjected to microenvironmental stress in
the setting of GVHD which could lead to a reduction of
their fitness and immunomodulatory capacity, we hypothesized
that priming of CBti MSCs using a cytokine regimen will
restore their metabolic fitness and allow them to maintain
their immunosuppressive potential even in the challenging
inflammatory milieu of GVHD. Indeed, in this study, we have
demonstrated that primed cultured CBti MSCs have enhanced
glycolytic capacity and metabolic fitness which was maintained
following cryopreservation/thawing and was associated with
improved immunoregulatory function in vitro and in vivo.
Furthermore, on a mechanistic level, we showed that priming of
CBti MSCs boosted their immunosuppressive effect by reducing
the metabolic function of T cells via potent down-regulation of
glycolytic switching, inhibition of mTOR activation, enhanced
induction of Tregs, and decreasing the proportion of cells with
a pro-inflammatory phenotype when compared to unprimed
CBti MSCs. We also showed that this improved metabolic
reconfiguration correlated with enhanced trafficking to injured
sites through upregulation of adhesionmolecules and chemokine
receptors on their surface. Our results are consistent with reports
that the metabolic flexibility of MSCs may play a key role in
the regulation of their immunosuppressive potential (17, 39).
Recently, modulation of metabolism to enhance the functionality
of other immune cells has also been explored (40, 41). For
example, a clear association between TCR affinity and glycolytic
switching has been demonstrated during the activation of CD4+
and CD8+ T-cells (32).

We acknowledge the limitation of our xenograft mouse
model in reflecting a complete microenvironment of GVHD that
recapitulates the complex inflammatory milieu seen in patients.
However, our model exhibits robust and reproducible GVHD
in mice with rapid activation and expansion of human T cell
clones that recognize murine MHC through the TCR, resulting

in the upregulation of mTOR pathway and differentiation toward
effector alloreactive T cells. These features of our murine model
allow us to evaluate the therapeutic potential of human MSCs
even in a suboptimal microenvironment, which would not be
possible in an exclusively murine model.

In summary, we developed a GMP-compliant bioreactor-
based procedure to generate sufficient numbers of clinical
grade primed CBti MSCs, with a superior metabolic fitness
characterized by a glycolytic profile which is maintained after
cryopreservation and thawing. Furthermore, we demonstrated
their efficacy in a xenogeneic GVHD model. Our results confirm
an important role for the priming of CBti MSCs to abrogate
GVHD. We have shown that several mechanisms are involved
including metabolic glycolytic reprogramming on the MSC
side, and increased generation of Tregs and a reduction in
mTOR signaling on the T cell side. Our data support the
concept that metabolic profiling of MSCs can be used as a
surrogate for their suppressive potential in conjunction with
conventional functional methods. Furthermore, the impact of
primed cord blood tissue derived-MSCs on the antitumor activity
of T cells and recurrence infection needs further evaluation in
future studies.

To our knowledge this is the first report describing an
established and validated GMP compliant clinical protocol for
the generation and cryopreservation of primed CBti MSC for
clinical use. A clinical trial in steroid refractory GVHD patients
will be executed to assess this therapeutic approach.
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