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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. (l) 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.
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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
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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) (1 = 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 to migrate 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 adhesion molecules 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.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. The data presented in the study are deposited in
the https://www.ncbi.nlm.nih.gov/sra/PRJNA721023 repository,
accession number PRJNA721023.

ETHICS STATEMENT

The animal study was reviewed and approved by MD Anderson
Institutional Animal Care and Use Committee.

AUTHOR CONTRIBUTIONS

MM performed experiments, interpreted, and analyzed data.
MD, RB, MS, and BK assisted with flow cytometry, RNA seq
and seahorse experiments, interpreted, and analyzed data. PB,

Frontiers in Immunology | www.frontiersin.org

14

May 2021 | Volume 12 | Article 631353


https://www.ncbi.nlm.nih.gov/sra/PRJNA721023
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mendt et al.

Metabolic Reprograming of MSCs Against GVHD

EG, NU, AN-C, JL, AG, FR-S, JT, EE, SL, LK, SAn, LM-G, and
PL assisted with experiments. VM, YS, KC, and JWa assisted
with RNA seq analysis. JG, MZ, and GT performed cytogenetic
studies. NF and MG performed pathologic examination and
staining of mice tissues. DM, RB, MS, BK, PB, SAc, LK, NB, TM,
LM-G, HS, EL, PB, VN, MK, JWij, IK, and RC provided advice
on experiments and commented on the manuscript. ES, KR, and
MM designed and directed the study. ES, KR, MD, MM, and
LM-F wrote the manuscript. All authors contributed to the article
and approved the submitted version.

FUNDING

This work was supported in part by the generous philanthropic
contributions to the University of Texas MD Anderson
Cancer Center Moon Shots Program, by grants from the
National Institute of Health, National Cancer Institute Program
Project Applications P01 CA148600-09, R01 CA061508-24, and

REFERENCES

1. Horowitz MM, Gale RP, Sondel PM, Goldman JM, Kersey J, Kolb HJ, et al.
Graft-versus-leukemia reactions after bone marrow transplantation. Blood.
(1990) 75:555-62. doi: 10.1182/blood.V75.3.555.bloodjournal753555

2. Blazar BR, Murphy W], Abedi M. Advances in graft-versus-
host disease biology and therapy. Nat Rev Immunol. (2012)
12:443-58. doi: 10.1038/nri3212

3. Ferrara JL, Levine JE, Reddy P, Holler E. Graft-versus-host disease. Lancet.
(2009) 373:1550-61. doi: 10.1016/S0140-6736(09)60237-3

4. Gao L, Zhang Y, Hu B, Liu J, Kong P, Lou S, et al. Phase II multicenter,
randomized, double-blind controlled study of efficacy and safety of umbilical
cord-derived mesenchymal stromal cells in the prophylaxis of chronic graft-
versus-host disease after hla-haploidentical stem-cell transplantation. J Clin
Oncol. (2016) 34:2843-50. doi: 10.1200/JCO.2015.65.3642

5. Godoy JAP, Paiva RMA, Souza AM, Kondo AT, Kutner JM, Okamoto OK.
Clinical translation of mesenchymal stromal cell therapy for graft vs. host
disease. Front Cell Dev Biol. (2019) 7:255. doi: 10.3389/fcell.2019.00255

6. Le Blanc K, Rasmusson I, Sundberg B, Gotherstrom C, Hassan M, Uzunel
M, et al. Treatment of severe acute graft-versus-host disease with third
party haploidentical mesenchymal stem cells. Lancet. (2004) 363:1439-
41. doi: 10.1016/S0140-6736(04)16104-7

7. Kebriaei P, Isola L, Bahceci E, Holland K, Rowley S, McGuirk J, et al. Adult
human mesenchymal stem cells added to corticosteroid therapy for the
treatment of acute graft-versus-host disease. Biol Blood Marrow Transplant.
(2009) 15:804-11. doi: 10.1016/j.bbmt.2008.03.012

8. Yip HK, Fang WE Li YC, Lee FY, Lee CH, Pei SN, et al. Human
umbilical cord-derived mesenchymal stem cells for acute respiratory distress
syndrome. Crit Care Med. (2020) 48:e391-¢9. doi: 10.1097/CCM.0000000000
004285

9. Cho J, D’Antuono M, Glicksman M, Wang ], Jonklaas J. A review of clinical
trials: mesenchymal stem cell transplant therapy in type 1 and type 2 diabetes
mellitus. Am J Stem Cells. (2018) 7:82-93.

10. Cao W, Cao K, Cao J, Wang Y, Shi
cells and adaptive immune responses.
168:147-53. doi: 10.1016/j.imlet.2015.06.003

11. Wang Y, Huang J, Gong L, Yu D, An C, Bunpetch V, et al. The plasticity
of mesenchymal stem cells in regulating surface HLA-I. iScience. (2019)
15:66-78. doi: 10.1016/j.is¢i.2019.04.011

12. Sherr CJ, DePinho RA. Cellular senescence: mitotic clock or culture shock?
Cell. (2000) 102:407-10. doi: 10.1016/S0092-8674(00)00046-5

Y. Mesenchymal stem
Immunol  Lett. (2015)

the Cancer Center Support (CORE) grant (CA016672) that
support the Flow Cytometry and Cellular Imaging Facility
and the RNA sequencing core facility at MD Anderson
Cancer Center.

ACKNOWLEDGMENTS

We thank Dr. Joanne Kurtzberg Laboratory for their help with
the MSC isolation protocol. We are also thankful to all staffs and
administration of The Cell Therapy Laboratory and Cord Blood
Bank at MD Anderson Cancer Center for their kind support and
assistance throughout the study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2021.631353/full#supplementary-material

13. Pattappa G, Heywood HK, de Bruijn JD, Lee DA. The metabolism of human
mesenchymal stem cells during proliferation and differentiation. J Cell Physiol.
(2011) 226:2562-70. doi: 10.1002/jcp.22605

14. Ho TT, Warr MR, Adelman ER, Lansinger OM, Flach ], Verovskaya EV, et al.
Autophagy maintains the metabolism and function of young and old stem
cells. Nature. (2017) 543:205-10. doi: 10.1038/nature21388

15. Cunha B, Aguiar T, Carvalho SB, Silva MM, Gomes RA, Carrondo MJT,
et al. Bioprocess integration for human mesenchymal stem cells: from up
to downstream processing scale-up to cell proteome characterization. J
Biotechnol. (2017) 248:87-98. doi: 10.1016/j.jbiotec.2017.01.014

16. Vigo T, La Rocca C, Faicchia D, Procaccini C, Ruggieri M, Salvetti
M, et al. IFNbeta enhances mesenchymal stromal (Stem) cells
immunomodulatory function through STATI-3 activation and mTOR-
associated promotion of glucose metabolism. Cell Death Dis. (2019)
10:85. doi: 10.1038/s41419-019-1336-4

17. LiuY, Yuan X, Munoz N, Logan TM, Ma T. Commitment to aerobic glycolysis
sustains immunosuppression of human mesenchymal stem cells. Stem Cells
Transl Med. (2019) 8:93-106. doi: 10.1002/sctm.18-0070

18. Jang YK, Kim M, Lee YH, Oh W, Yang YS, Choi S]. Optimization
of the therapeutic efficacy of human umbilical cord blood-mesenchymal
stromal cells in an NSG mouse xenograft model of graft-versus-host disease.
Cytotherapy. (2014) 16:298-308. doi: 10.1016/j.jcyt.2013.10.012

19. Gregoire C, Ritacco C, Hannon M, Seidel L, Delens L, Belle L, et al.
Comparison of mesenchymal stromal cells from different origins for the
treatment of graft-versus.-host-disease in a humanized mouse model. Front
Immunol. (2019) 10:619. doi: 10.3389/fimmu.2019.00619

20. Salmenniemi U, Itala-Remes M, Nystedt J, Putkonen M, Niittyvuopio R,
Vettenranta K, et al. Good responses but high TRM in adult patients
after MSC therapy for GVvHD. Bone Marrow Transplant. (2017) 52:606-
8. doi: 10.1038/bmt.2016.317

21. Dotoli GM, De Santis GC, Orellana MD, de Lima Prata K, Caruso SR,
Fernandes TR, et al. Mesenchymal stromal cell infusion to treat steroid-
refractory acute GvHD III/IV after hematopoietic stem cell transplantation.
Bone Marrow Transplant. (2017) 52:859-62. doi: 10.1038/bmt.2017.35

22. Vivian J, Rao AA, Nothaft FA, Ketchum C, Armstrong J, Novak A, et al.
Toil enables reproducible, open source, big biomedical data analyses. Nat
Biotechnol. (2017) 35:314-6. doi: 10.1038/nbt.3772

23. Andrews S. FastQC: a quality control tool for high throughput sequence
data. (2010).

24. Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet. (2011) 17:10,2. doi: 10.14806/ej.17.1.200

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 631353


https://www.frontiersin.org/articles/10.3389/fimmu.2021.631353/full#supplementary-material
https://doi.org/10.1182/blood.V75.3.555.bloodjournal753555
https://doi.org/10.1038/nri3212
https://doi.org/10.1016/S0140-6736(09)60237-3
https://doi.org/10.1200/JCO.2015.65.3642
https://doi.org/10.3389/fcell.2019.00255
https://doi.org/10.1016/S0140-6736(04)16104-7
https://doi.org/10.1016/j.bbmt.2008.03.012
https://doi.org/10.1097/CCM.0000000000004285
https://doi.org/10.1016/j.imlet.2015.06.003
https://doi.org/10.1016/j.isci.2019.04.011
https://doi.org/10.1016/S0092-8674(00)00046-5
https://doi.org/10.1002/jcp.22605
https://doi.org/10.1038/nature21388
https://doi.org/10.1016/j.jbiotec.2017.01.014
https://doi.org/10.1038/s41419-019-1336-4
https://doi.org/10.1002/sctm.18-0070
https://doi.org/10.1016/j.jcyt.2013.10.012
https://doi.org/10.3389/fimmu.2019.00619
https://doi.org/10.1038/bmt.2016.317
https://doi.org/10.1038/bmt.2017.35
https://doi.org/10.1038/nbt.3772
https://doi.org/10.14806/ej.17.1.200
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mendt et al.

Metabolic Reprograming of MSCs Against GVHD

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al.
STAR: ultrafast universal RNA-seq aligner. Bioinformatics. (2013) 29:15-
21. doi: 10.1093/bioinformatics/bts635

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-
Seq data with or without a reference genome. BMC Bioinformatics. (2011)
12:323. doi: 10.1186/1471-2105-12-323

Cooke KR, Kobzik L, Martin TR, Brewer J, Delmonte ], Jr., et al. An
experimental model of idiopathic pneumonia syndrome after bone marrow
transplantation: I. The roles of minor H antigens and endotoxin. Blood. (1996)
88:3230-9. doi: 10.1182/blood.V88.8.3230.bloodjournal8883230

Long GD, Laughlin M, Madan B, Kurtzberg J, Gasparetto C, Morris A,
et al. Unrelated umbilical cord blood transplantation in adult patients.
Biol Blood Marrow Transplant. (2003) 9:772-80. doi: 10.1016/j.bbmt.2003.
08.007

Avigdor A, Goichberg P, Shivtiel S, Dar A, Peled A, Samira S, et al. CD44
and hyaluronic acid cooperate with SDF-1 in the trafficking of human
CD34+ stem/progenitor cells to bone marrow. Blood. (2004) 103:2981-
9. doi: 10.1182/blood-2003-10-3611

Mennan C, Garcia J, Roberts S, Hulme C, Wright K. A comprehensive
characterisation of large-scale expanded human bone marrow and
umbilical cord mesenchymal stem cells. Stem Cell Res Ther. (2019)
10:99. doi: 10.1186/513287-019-1202-4

Tipnis S, Viswanathan C, Majumdar AS. Immunosuppressive properties
of human umbilical cord-derived mesenchymal stem cells: role of B7-
H1 and IDO. Immunol Cell Biol. (2010) 88:795-806. doi: 10.1038/icb.
2010.47

Jones N, Cronin JG, Dolton G, Panetti S, Schauenburg AJ, Galloway
SAE, et al. Metabolic adaptation of human CD4(+) and CD8(+) T-
cells to T-cell receptor-mediated stimulation. Front Immunol. (2017)
8:1516. doi: 10.3389/fimmu.2017.01516

Sun IH, Oh MH, Zhao L, Patel CH, Arwood ML, Xu W, et al. mTOR
complex 1 signaling regulates the generation and function of central
and effector Foxp3(+) regulatory T cells. J Immunol. (2018) 201:481-
92. doi: 10.4049/jimmunol.1701477

Chinnadurai R, Copland IB, Garcia MA, Petersen CT, Lewis CN,
Waller EK, al. Cryopreserved mesenchymal
susceptible to t-cell mediated apoptosis which is partly rescued by
ifngamma licensing. Stem Cells. (2016) 34:2429-42. doi: 10.1002/ste
m.2415

MacMillan ML, Robin M, Harris AC, DeFor TE, Martin PJ, Alousi
A, et al. A refined risk score for acute graft-versus-host disease that
predicts response to initial therapy, survival, and transplant-related mortality.
Biol Blood Marrow Transplant. (2015) 21:761-7. doi: 10.1016/j.bbmt.2015.
01.001

Morata-Tarifa C, Macias-Sanchez MDM, Gutierrez-Pizarraya A, Sanchez-
Pernaute R. Mesenchymal stromal cells for the prophylaxis and treatment
of graft-versus-host disease-a meta-analysis. Stem Cell Res Ther. (2020)
11:64. doi: 10.1186/513287-020-01592-z

Kim Y, Jin HJ, Heo J, Ju H, Lee HY, Kim S,
hypoxia-primed = mesenchymal

et stromal cells are

et al. Small

stem cells attenuate graft-versus-

host disease. Leukemia. 10.1038/s41375-018-
0151-8

Sivanathan KN, Gronthos S, Rojas-Canales D, Thierry B, Coates
PT. Interferon-gamma modification of mesenchymal
implications  of autologous and allogeneic mesenchymal
cell therapy in allotransplantation. Stem Cell Rev Rep.
10:351-75. doi: 10.1007/s12015-014-9495-2

Killer MC, Nold P, Henkenius K, Fritz L, Riedlinger T, Barckhausen C,
et al. Immunosuppressive capacity of mesenchymal stem cells correlates with
metabolic activity and can be enhanced by valproic acid. Stem Cell Res Ther.
(2017) 8:100. doi: 10.1186/s13287-017-0553-y

O’Brien KL, Finlay DK. Immunometabolism and natural killer cell responses.
Nat Rev Immunol. (2019) 19:282-90. doi: 10.1038/s41577-019-0139-2
Saravia J, Raynor JL, Chapman NM, Lim SA, Chi H. Signaling
Cell  Res. (2020)  30:328—

(2018) 32:2672-84. doi:

38.
cells:
stem

(2014)

stem

39.

40.

41.
networks in  immunometabolism.
42. doi: 10.1038/s41422-020-0301-1

Conflict of Interest: KR, ES, RC, EL, SAn, RB, MD, PB, DM, and The University
of Texas MD Anderson Cancer Center (MDACC) have an institutional financial
conflict of interest with Takeda Pharmaceutical for the licensing of the technology
related to CAR-NK cells. MD Anderson has implemented an Institutional
Conflict of Interest Management and Monitoring Plan to manage and monitor
the conflict of interest with respect to MDACC’s conduct of any other ongoing
or future research related to this relationship. KR, ES, RB, EL, SAn, DM and
The University of Texas MD Anderson Cancer Center has an institutional
financial conflict of interest with Affimed GmbH. Because MD Anderson is
committed to the protection of human subjects and the effective management
of its financial conflicts of interest in relation to its research activities, MD
Anderson is implementing an Institutional Conflict of Interest Management and
Monitoring Plan to manage and monitor the conflict of interest with respect to
MD Anderson’s conduct of any other ongoing or future research related to this
relationship. ES participates on Scientific Advisory Board for Bayer, Novartis,
Magenta, Adaptimmune, Mesoblast and Axio. KR participates on Scientific
Advisory Board for GemoAb, AvengeBio, Kiadis, GSK and Bayer.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Mendt, Daher, Basar, Shanley, Kumar, Wei Inng, Acharya,
Shaim, Fowlkes, Tran, Gokdemir, Uprety, Nunez-Cortes, Ensley, Mai, Kerbauy,
Melo-Garcia, Lin, Shen, Mohanty, Lu, Li, Nandivada, Wang, Banerjee, Reyes-Silva,
Liu, Ang, Gilbert, Li, Wan, Gu, Zhao, Baran, Muniz-Feliciano, Wilson, Kaur, Gagea,
Konopleva, Marin, Tang, Chen, Champlin, Rezvani and Shpall. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

16

May 2021 | Volume 12 | Article 631353


https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1182/blood.V88.8.3230.bloodjournal8883230
https://doi.org/10.1016/j.bbmt.2003.08.007
https://doi.org/10.1182/blood-2003-10-3611
https://doi.org/10.1186/s13287-019-1202-4~
https://doi.org/10.1038/icb.2010.47
https://doi.org/10.3389/fimmu.2017.01516
https://doi.org/10.4049/jimmunol.1701477
https://doi.org/10.1002/stem.2415
https://doi.org/10.1016/j.bbmt.2015.01.001
https://doi.org/10.1186/s13287-020-01592-z
https://doi.org/10.1038/s41375-018-0151-8
https://doi.org/10.1007/s12015-014-9495-2
https://doi.org/10.1186/s13287-017-0553-y
https://doi.org/10.1038/s41577-019-0139-2
https://doi.org/10.1038/s41422-020-0301-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

