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Abstract

Mesenchymal stem cells (MSCs) have immunomodulatory properties and support

hematopoiesis in the bone marrow (BM). To develop a new strategy to not only

prevent graft-vs-host disease (GVHD) but also to enhance engraftment, a phase I

trial of cord blood transplantation (CBT) combined with intra-BM injection of

MSCs (MSC-CBT) was designed. Third-party BM-derived MSCs were injected

intra-BM on the day of CBT. The conditioning regimen varied according to patient

characteristics. GVHD prophylaxis was tacrolimus and methotrexate. The primary

endpoint was toxicity related to intra-BM injection of MSCs. Clinical outcomes

were compared with those of six controls who received CBT alone. Five adult

patients received MSC-CBT, and no adverse events related to intra-BM injection

of MSCs were observed. All patients achieved neutrophil, reticulocyte, and platelet

recoveries, with median times to recoveries of 21, 35, and 38 days, respectively,

comparable with controls. Grade II-IV acute GVHD developed in three controls but

not in MSC-CBT patients. No patients developed chronic GVHD in both groups. At

1 year after transplantation, all MSC-CBT patients survived without relapse. This

study shows the safety of MSC-CBT, and the findings also suggest that

cotransplantation of MSCs may prevent GVHD with no inhibition of engraftment.

This trial was registered at the University Hospital Medical Information Network

Clinical Trials Registry as number 000024291.
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1 | INTRODUCTION

Cord blood transplantation (CBT) is a curative treatment for various

hematologic disorders. Previous studies have reported comparable

outcomes of CBT and human leukocyte antigen (HLA)-matched

unrelated donor transplantation in adult patients.1,2 The incidence of

chronic graft-vs-host disease (GVHD) is reported to be lower in CBT

than in bone marrow transplant (BMT) and peripheral-blood stem-cell

transplant (PBSCT); however, the incidence of acute GVHD in CBT is

comparable with the other transplants.1,3-5 In addition to a relatively high

incidence of acute GVHD, delayed hematologic recovery and a higher

rate of graft failure after CBT lead to an increased risk of transplant-

related mortality in the early period after transplantation.3,6 Several

strategies, including double-unit CBT,7 ex vivo expansion of cord blood

(CB)-derived CD34+ cells,8-12 and intra-bone marrow (BM) transplanta-

tion of CB cells,13,14 have been explored in an effort to overcome these

obstacles. In addition to these approaches, cotransplantation of CB and

mesenchymal stem cells (MSCs) has been reported.15-18

MSCs are a heterogeneous population of stromal stem cells that

can be isolated from many tissues, such as BM, adipose tissue, CB,

and placenta. MSCs have the capacity for self-renewal and can differ-

entiate into mesodermal lineage cells.19 In the BM, MSCs differentiate

into BM stroma cells, osteocytes, osteoblasts, and endothelial cells.

These cells contribute to the formation of the BM microenvironment,

known as the hematopoietic stem cell (HSC) niche, and they support

hematopoiesis.20,21 Besides this hematopoietic support capacity,

MSCs can modulate immune responses by a cell-cell contact mecha-

nism between MSCs and their target cells and by producing several

soluble immunosuppressive factors.19,22 These immunomodulatory

effects of MSCs have already been clinically applied in the treatment

of GVHD after allogeneic hematopoietic cell transplantation

(HCT).23-27 MSCs express a low level of HLA class I and are negative

for HLA class II and costimulatory molecules such as CD80, CD86,

and CD40, and, therefore, they are able to evade allogeneic rejec-

tion.28,29 Furthermore, culture expansion of MSCs is relatively easy,

and they can be stored by cryopreservation. Therefore, ex vivo

expanded and cryopreserved MSCs derived from a third-party donor

can be used for clinical treatment without considering HLA matching

between patient and donor. Because of these properties, MSCs have

been explored for enhancing engraftment and preventing GVHD after

allogeneic HCT.

In previous clinical studies, the feasibility and safety of CBT with

intravenous cotransplantation of MSCs were observed in pediatric

patients.15-18 However, to date, the cotransplantation of MSCs and

CB cells has yet to be evaluated in adult patients, who have a greater

risk of graft failure because of a lower CB cell dose per patient body

weight. Concern regarding the route of MSC administration remains

an issue because several animal model experiments have demon-

strated that MSCs infused intravenously were trapped in lung,30,31

and direct intra-BM injection of MSCs could enhance the engraftment

of transplanted CB cells more than intravenous injection.32 Addition-

ally, intra-BM injection of MSCs has been reported to be safe in previ-

ous clinical studies.33,34

Based on these properties of MSCs and experimental and clinical

findings, to develop a new strategy not only to enhance engraftment

but also to prevent GVHD after CBT, a phase I trial of CBT combined

with intra-BM injection of ex vivo expanded MSCs (MSC-CBT) was

designed.35 The aim was to assess the safety of this treatment in adult

patients with hematologic disorders.

2 | MATERIALS AND METHODS

The study protocol has been described in detail previously.35 This

study was registered with the University Hospital Medical Information

Network Clinical Trials Registry (number 000024291).

Significance statement

Mesenchymal stem cells (MSCs), which were derived from

the bone marrow of third-party donors, were injected into

the bone marrow of the recipient 4 hours before cord blood

transplantation. This study showed the safety of cord blood

transplantation combined with intra-bone marrow injection

of MSCs and also suggested that cotransplantation of MSCs

may prevent graft-vs-host disease without inhibition of

engraftment. This strategy may be applicable not only to

cord blood transplantation but also to bone marrow trans-

plantation or peripheral blood stem cell transplantation,

leading to the prevention of severe graft-vs-host disease,

especially in human leukocyte antigen-mismatched settings,

and reduction of the burden imposed on hematopoietic

stem cell donors by decreasing the required stem cell

number.

Lessons learned

• Mesenchymal stem cells (MSCs) support hematopoiesis

in the bone marrow and have immunomodulatory

properties.

• MSCs have potencies to enhance engraftment and to

prevent graft-versus-host disease (GVHD) after alloge-

neic hematopoietic cell transplantation.

• This study shows the safety of intra-bone marrow co-

transplantation of MSCs in cord blood transplantation.

• All patients achieved engraftment without clinically

important GVHD.

• Co-transplantation of MSCs may prevent GVHD without

inhibition of engraftment.
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2.1 | Study design and participants

This was a single arm, nonrandomized, open-label, single-center,

phase I trial at Nagoya University Hospital. The target sample size was

five patients. Eligible patients were aged 20 years or older; had a

hematologic disorder with an indication for CBT; did not have malig-

nant cells accounting for 70% or more of all nucleated cells in the BM;

had an Eastern Cooperative Oncology Group performance status of

0-2; had adequate organ function as defined by an ejection fraction of

40% or greater, forced vital capacity of 50% or greater, forced expira-

tory volume in 1 second of 60% or greater, aspartate aminotransfer-

ase and alanine aminotransferase concentrations less than 5 times the

upper limit of normal, and serum creatinine less than 3 times the

upper limit of normal; and they had available CB units with serological

HLA-A, B, and DR ≥4/6 matched and with a total nucleated cell (TNC)

dose of 1.5 × 107 cells per kg or higher. Additionally, patients had to

have at least one potential MSC donor aged 20-74 years from

a spouse or relative within the fourth degree of relationship.

The inclusion and exclusion criteria of the MSC donors are listed in

the study protocol in detail.35

Patients were excluded if they had history of allogeneic HCT in

the 1 year prior to enrollment, exposure to gemtuzumab ozogamicin

in the 6 months prior to enrollment, and allergy to the drugs used for

transplant preconditioning or GVHD prophylaxis. Exclusion criteria

also included positive for HIV antibody, pregnancy or lactation, and

uncontrolled psychiatric disorder or infection.

The Japanese Ministry of Health, Labour, and Welfare confirmed

that this study complied with the Act on the Safety of Regenerative

Medicine (number PA8160004, the latest edition version 5.1

22/Nov/2016). The study was conducted in accordance with the prin-

ciples outlined in the Declaration of Helsinki, and all patients and

donors provided written, informed consent before registration.

Patients and donors were registered in this study after independent

review by the data center in the Department of Hematology and

Oncology, Nagoya University Graduate School of Medicine.

2.2 | Preparation of MSCs

Human platelet lysates were prepared from single-donor platelet con-

centrate provided by the Japan Red Cross Blood Center by the Appli-

cation for the use of blood donated in Japan based on the “Guidelines
on the use of donated blood in R&D, etc.” Platelet concentrate was

frozen at −30�C and thawed twice and then stored at −30�C. The fro-

zen platelet concentrate was thawed at 4�C and centrifuged to obtain

supernatant as platelet lysate.

BM was harvested from the posterior iliac crest of the MSC

donor with local anesthesia by the standard procedure of BM aspira-

tion. The target MSC dose was 0.5 × 106 cells per kilogram of patient

weight. The volume of BM aspirate was determined according to

patient weight; if the patient weight was <35, 35-50, or ≥50 kg, the

volume of BM aspirate was 10, 15, or 20 mL, respectively.

Mononuclear cells were isolated by centrifugation of BM using Ficoll-

Paque PREMIUM (GE Healthcare Japan, Tokyo, Japan). The separated

mononuclear cells were seeded in T-25 cell culture flasks at

1.0-2.0 × 107 cells per flask in Dulbecco's modified Eagle's medium

(Thermo Fisher Scientific, Waltham, Massachusetts) containing 5%

human platelet lysate and 2 IU/mL heparin (Mochida Pharmaceuticals,

Tokyo, Japan) (referred to as culture medium) and cultured at 37�C in

a humidified incubator containing 5% CO2. After culturing for 3 or

4 days, nonadherent cells were removed, and the adherent cells were

further cultured. Cells were harvested at subconfluent using TrypLE

Select (Invitrogen, Carlsbad, California). Cells at passage 1 were

seeded in the same number of T-75 culture flasks from T-25. Cells at

passage 2 were seeded in the same number of T-225 culture flasks

from T-75. Cells at passage 3 or 4 were seeded in a 3-fold number of

T-225 flasks. MSCs were harvested after passage 3 or 4 according to

the cell count, sampled, and cryopreserved at −150�C in CP-1

(Kyokuto Pharmaceutical, Tokyo, Japan) until the day of CBT.

Criteria for release of MSCs for clinical use were as follows: viabil-

ity ≥70%, viable cell count ≥0.2 × 106 cells per kilogram of patient

weight, absence of contamination by pathogens (as documented by a

sterility test, endotoxin test, β-D-glucan assay, mycoplasma polymer-

ase chain reaction (PCR) test, and viral PCR tests for hepatitis B and C

viruses, HIV type 1, parvovirus B19, herpes simplex virus, varicella-

zoster virus, human herpesvirus-6, cytomegalovirus, Epstein-Barr

virus), and immune phenotype characterized by the expression of

CD73, CD90, and CD105 surface molecules (≥90%) and the absence

of CD14, CD19, CD34, CD45, and HLA-DR expressions (≤10%).

2.3 | Conditioning regimen and GVHD prophylaxis

The conditioning regimen was not defined in this study. in vivo purg-

ing of T cells using treatments such as anti-thymocyte globulin was

prohibited. GVHD prophylaxis consisted of the combination of

tacrolimus and short-term methotrexate.

2.4 | Cotransplantation of MSCs and CB cells

On the day of CBT, MSCs were thawed, washed, and resuspended

in 2-10 mL of a saline solution. Premedication with hydrocortisone

100 mg and chlorpheniramine 10 mg was administered approxi-

mately 30 minutes before injection of MSCs. After local anesthesia,

a standard BM aspiration needle was inserted into the iliac bone on

one side. To ensure that the needle was securely inserted into the

BM cavity, aspiration of <0.5 mL BM was done. Then, approxi-

mately 5 mL of MSC suspension were injected slowly. This proce-

dure was repeated on the iliac bone on the contralateral side. Four

hours after MSC injection, CB was infused intravenously with the

standard procedure. Granulocyte colony-stimulating factor (G-CSF)

was administered from 7 days after transplant to neutrophil

engraftment.
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2.5 | Follow-up and assessment

Adverse events were graded by Common Terminology Criteria for

Adverse Events version 4.0. Safety was assessed by monitoring and

recording of all adverse events and serious adverse events. The study

was monitored by an independent data and safety monitoring com-

mittee, and serious adverse events were reviewed and judged to

determine whether an adverse event was attributable to treatment.

Periodic monitoring was done according to the Japanese clinical trial

guideline at least annually. The study stopping rules included graft fail-

ure, transplant-related mortality before engraftment, or grade 4-5

adverse event in three patients.

Patients had routine clinical assessments and laboratory investi-

gations such as blood cell counts, tacrolimus levels, and cytomegalovi-

rus antigenemia. Patients were planned to be followed up for at least

1 year after transplant or less if they satisfied one of the discontinua-

tion criteria. Chimerism analyses were done at the National Hospital

Organization Nagoya Medical Center using short tandem repeats by

PCR assay in peripheral CD3+ T cells on days 14, 28, and 56 after

transplantation as previously described.36 BM mononuclear cells (BM-

MNCs) and BM-derived MSCs were also assessed for chimerism sta-

tus including MSC donor chimerism on days 14, 28, 56, and 84 after

transplantation. The presence of ectopic tissue formation was

assessed by evaluating computed tomography scans taken 1 year

after transplantation.

To evaluate immune reconstitution, lymphocyte subsets were

measured at days 28, 42, 56, and 84 after transplantation by immuno-

phenotyping of peripheral blood. Peripheral blood mononuclear cells

(PBMCs) were stained with the following fluorochrome-conjugated

monoclonal antibodies: anti-human CD3, CD4, CD8, CD16, CD19,

CD25, CD27, CD56, and CD127 (BD Biosciences, San Jose, Califor-

nia). To stimulate interferon (IFN)-γ, interleukin (IL)-4, and IL-17 pro-

duction, the PBMCs were stimulated for 5 hours with 50 ng/mL

phorbol myristate acetate and 1000 ng/mL ionomycin in the presence

of brefeldin A (Golgiplug, BD Biosciences). Subsequently, the cells

were fixed and permeabilized with Cytofix/Cytoperm Solution and

Perm/Wash Buffer (BD Biosciences). After fixation, the cells were sta-

ined with IFN-γ, IL-4, IL-17, and CD4 antibodies. Data acquisition and

analyses were performed with a FACSAria (BD Biosciences)

instrument.

To evaluate cytokine and chemokine kinetics, serum concentra-

tions of IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-17,

IL-21, IFN-γ, tumor necrosis factor, IP-10/CXCL10, and MCP-1/

CCL2 through pre- and post-transplant (days 0, 1, 7, 14, 21, and 28)

were measured using a Cytometric Bead Array Flex Set System

(BD Biosciences), according to the manufacturer's instructions. On

day 0, serum was obtained twice, before the infusions of MSCs and

of CB cells. Samples were run on FACSCanto II (BD Biosciences),

and data were analyzed using FCAP Array software

(BD Biosciences). The changes in cytokine and chemokine levels

from day 0 were evaluated.

2.6 | Outcomes

The primary endpoint of this study was toxicity related to intra-BM

injection of MSCs within 14 days after transplantation, which was

defined as adverse events that could not be explained by other com-

plications, such as regimen-related toxicity or infection, that generally

occur after transplantation. Secondary endpoints included the rate of

engraftment, the time to hematopoietic recoveries, the incidences and

severities of acute and chronic GVHD, the incidences of regimen-

related toxicities and infection, and the probabilities of nonrelapse

mortality (NRM), relapse, disease-free survival, and overall survival at

1 year after transplantation.

2.7 | Control comparison

The study patients were compared with a control group of six patients

who received CBT without MSCs during the same time period,

between May 2017 and May 2018, in Nagoya University Hospital

with respect to hematopoietic recoveries, clinical outcomes, lympho-

cyte subsets, and cytokine/chemokine kinetics. The control patients

did not join this study because of patient decisions (n = 1), not enough

time to prepare MSCs (n = 1), the difficulty of BM aspiration due to

TABLE 1 Data of MSC expansion

Do
no.

Age,
y Sex

Donor
relation

BM
volume, mL

BM-
MNCs, ×107

Culture
time, days

Passage
number

MSCs,
×107

MSCs,
×106/kg QC

1 25 F Wife 20 8.7 29 3 7.8 1.43 Passed

2 28 M Son 20 11.0 28 3 9.6 1.35 Passed

3 70 F Mother 20 6.8 32 3 2.6 0.28 Passed

4 20 M Son 15 9.8 29 3 9.0 1.79 Passed

5 58 M Husband 15 4.8 35 3 0.4 0.08 Growth

failure

6 42 M Son 20 2.2 33 3 3.0 0.47 Passed

Abbreviations: BM, bone marrow; BM-MNC, BM mononuclear cell; Do no., donor number; F, female; M, male; MSC, mesenchymal stem cell; QC, quality

control.
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BM fibrosis (n = 1), not meeting the criteria for release of MSCs

(n = 1), or the close of registration for this study (n = 2).

2.8 | Definitions and statistical analysis

Engraftment was defined as neutrophil recovery to greater than

0.5 × 109/L for 3 consecutive days. The time to neutrophil engraft-

ment was defined as the first day of achieving an absolute neutrophil

count greater than 0.5 × 109/L for 3 consecutive days. The times to

platelet and reticulocyte recoveries were defined as the first days of

achieving a platelet count greater than 20 × 109/L or 50 × 109/L and

a reticulocyte count greater than 1% for 3 consecutive days without

transfusions. Primary graft failure was defined as lack of neutrophil

engraftment in patients surviving at least 60 days, and secondary graft

failure was defined as neutrophil engraftment followed by a decline in

the neutrophil count to less than 0.5 × 109/L for 3 consecutive days.

Acute GVHD was diagnosed and graded according to the consensus

TABLE 2 Characteristics of patients and outcomes of cord blood transplantation combined with intra-bone marrow injection of MSCs

Patient no. 1 2 3 4 5

Patient and transplant

Age, years 24 51 45 47 70

Diagnosis MDS AML ENKTL AML MDS

Disease status RAEB2 CR2 CR1 CR1 RAEB2

HCT-CI 0 1 0 1 0

Sex, patient/donor M/F M/F M/M F/F M/M

ABO, patient/donor A/A A/AB A/B A/B B/B

DSA Neg Neg Neg Neg Neg

Conditioning CA + CY + TBI Flu+Mel+ivBU Flu+Mel+ivBU CA + CY + TBI Flu+Mel+ivBU

GVHD prophylaxis TAC + sMTX TAC + sMTX TAC + sMTX TAC + sMTX TAC + sMTX

Cord blood

TNCs, × 107/kg 2.56 2.37 1.85 4.35 3.22

CD34 + cells, × 105/kg 1.18 0.99 0.66 0.74 1.06

HLA matching

GVH direction 4/6 4/6 5/6 4/6 4/6

HVG direction 4/6 4/6 5/6 4/6 4/6

MSCs

Donor relation Wife Son Mother Son Son

Donor age, years 25 28 70 20 42

MSCs, × 106/kg 1.43 1.35 0.28 1.79 0.47

HLA matching

GVH direction 2/6 3/6 4/6 3/6 3/6

HVG direction 3/6 3/6 3/6 3/6 4/6

Outcomes

Time to recovery, days

Neutrophils ≥0.5 × 109/L 20 17 27 25 21

Reticulocytes ≥1% 29 35 36 39 35

Platelets ≥20 × 109/L 29 37 48 44 38

Platelets ≥50 × 109/L 52 46 57 53 42

Acute GVHD, grade No No No I No

Chronic GVHD No No No No No

Relapse No No No No No

Status at day 365 Alive Alive Alive Alive Alive

Abbreviations: ABO, ABO blood type; AML, acute myeloid leukemia; CA + CY + TBI, cytarabine (8 g/m2) + cyclophosphamide (120 mg/kg) + total body

irradiation 12 Gy; CR1, first complete remission; CR2, second complete remission; DSA, donor HLA-specific antigen; ENKTL, extranodal natural killer/T-

cell lymphoma; F, female; Flu+Mel+ivBU, fludarabine (180 mg/m2) + melphalan (80 mg/m2) + intravenous busulfan (12.8 mg/kg); GVH, graft-vs-host;

GVHD, graft-vs-host disease; HCT-CI, hematopoietic cell transplantation-specific comorbidity index; HLA, human leukocyte antigen; HVG, host-vs-graft;

M, male; MDS, myelodysplastic syndrome; MSC, mesenchymal stem cell; Neg, negative; RAEB2, refractory anemia with excess blasts-2; sMTX, short-term

methotrexate; TAC, tacrolimus; TNC, total nuclear cell.
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criteria.37 Chronic GVHD was evaluated according to the traditional

Seattle criteria38 and the National Institutes of Health criteria for diag-

nosis and severity of chronic GVHD.39 Relapse was defined as recur-

rence of disease after transplantation. NRM was defined as death

without disease relapse.

Mann-Whitney tests and Fisher's exact tests were used to com-

pare baseline characteristics and outcomes between the MSC-CBT

group and the control group. Mann-Whitney tests were also used for

the comparisons of lymphocyte subsets and cytokine/chemokine

kinetics between the two groups. The probabilities of hematopoietic

recoveries and GVHD were estimated on the basis of cumulative inci-

dence curves and compared using Gray's test or the Fine and Gray

competing risk regression model. Regarding hematopoietic recoveries,

death and relapse were the competing events; for GVHD, death with-

out GVHD and relapse were the competing events. All P values were

two-sided, and values of P < .05 were considered significant. Statisti-

cal analyses were performed with Stata software version 15.1

(StataCorp LP, College Station, Texas), GraphPad Prism software ver-

sion 6.03 (GraphPad software, San Diego, California), and EZR soft-

ware version 1.33.40

3 | RESULTS

3.1 | Characteristics of patients, grafts, and MSC
donors

Between February 2017 and June 2018, six patients were enrolled in

this study, but one patient did not receive protocol treatment because

the MSC product did not meet release criteria because of insufficient

cell counts (data of MSC expansion are summarized in Table 1). The

characteristics and outcomes of five patients who received MSC-CBT

are summarized in Table 2. The median age was 47 years (range,

24-70 years), and four patients (80%) were male. Two patients (40%)

had acute myeloid leukemia in first or second complete remission,

two (40%) had myelodysplastic syndrome with excess blasts-2, and

one (20%) had extranodal natural killer/T-cell lymphoma in first remis-

sion. CB was serological HLA-A, B, and DR 5/6 and 4/6 matched in

both the graft-vs-host and the host-vs-graft direction in one case and

four cases, respectively. The median number of cryopreserved TNCs

and CD34+ cells in a CB unit was 2.56 × 107/kg (range,

1.85-4.35 × 107/kg) and 0.99 × 105/kg (range, 0.74-1.18 × 105/kg),

respectively. No patients had donor-specific HLA antibodies. All

patients received a myeloablative conditioning regimen. MSC donors

were HLA-haploidentical in four cases (patient's son in three cases

and mother in one case), and HLA-mismatched in one case (patient's

wife). The median number of infused MSCs was 1.35 × 106/kg (range,

0.28-1.79 × 106/kg).

3.2 | Adverse events

No adverse events related to intra-BM injection of MSCs, including

swelling and prolonged pain at the injection site, embolism, and osteo-

myelitis, within 14 days after transplantation (primary endpoint) were

observed. Regimen-related toxicities within 28 days after transplanta-

tion are summarized in Table 3. Grade 3 oral mucositis, gastrointestinal

toxicities, including nausea/vomiting and diarrhea, and infectious com-

plications, all of which were febrile neutropenia before engraftment,

were the main toxicities. No patient developed sinusoidal obstructive

syndrome. There were two severe adverse events: one hypokalemia

and one progressive multifocal leukoencephalopathy (PML) in two indi-

viduals. One patient (#5) developed grade 4 hypokalemia, which was

believed to be associated with administration of diuretics and an

TABLE 3 Regimen-related toxicities
within 28 days after transplantation

Toxicity

Grade, n (%)

1 2 3 4

Oral mucositis 0 (0) 0 (0) 5 (100) 0 (0)

Gastrointestinal 2 (40) 0 (0) 3 (60) 0 (0)

Hepatic 2 (40) 0 (0) 2 (40) 0 (0)

Cardiac 0 (0) 0 (0) 0 (0) 0 (0)

Arrhythmia 0 (0) 0 (0) 0 (0) 0 (0)

Pulmonary 0 (0) 0 (0) 0 (0) 0 (0)

Renal/urinary 0 (0) 0 (0) 1 (20) 0 (0)

Skin 0 (0) 0 (0) 0 (0) 0 (0)

Neurological 0 (0) 0 (0) 0 (0) 0 (0)

Bleeding 0 (0) 0 (0) 0 (0) 0 (0)

Hypotension 0 (0) 0 (0) 0 (0) 0 (0)

Hypoxia 0 (0) 0 (0) 0 (0) 0 (0)

Arrhythmia 0 (0) 0 (0) 0 (0) 0 (0)

Thrombotic thrombocytopenic purpura/

hemolytic uremic syndrome

0 (0) 0 (0) 0 (0) 0 (0)

Infection 0 (0) 0 (0) 0 (0) 0 (0)
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antifungal drug and recovered with potassium supplementation. One

patient (#3) developed PML 325 days after transplantation, which was

confirmed by the detection of John Cunningham virus DNA in the cere-

brospinal fluid by polymerase chain reaction; this patient died 428 days

after transplantation. The association between intra-BM injection of

MSCs and development of PML was excluded because John Cunning-

ham virus DNA was detected neither in the infused MSCs nor in its cul-

ture supernatant. No other serious infections, such as pulmonary

infection, sepsis, and cytomegalovirus disease, were observed. No

ectopic tissue formation was present 1 year after transplantation.

3.3 | Hematopoietic recovery

All patients achieved neutrophils ≥0.5 × 109/L, reticulocytes ≥1%,

platelets ≥20 × 109/L, and platelets ≥50 × 109/L, with median times

to recovery of 21 (range, 17-27), 35 (range, 29-39), 38 (range, 29-48),

and 52 (range, 42-57) days after transplantation, respectively (Table 2;

Figure 1A-D). No patient developed engraftment syndrome. All

patients achieved complete (>95%) donor T-cell chimerism at days

14, 28, and 56 after transplantation (Table S1).

3.4 | MSC engraftment

BM aspirations were performed in all patients around days 28, 56,

and 84 after transplantation. Chimerism of BM-MNCs at any time

point was complete CB donor type in all patients. Chimerism of MSCs

expanded from BM-MNCs at any time point was complete recipient

type in all patients. No evidence of MSC donor chimerism was detect-

able in BM-MNCs and BM-derived MSCs at any time point in all

patients (Table S1).

F IGURE 1 Hematopoietic recoveries
and acute GVHD after MSC-CBT and
CBT alone. The cumulative incidences of
A, neutrophil recovery ≥0.5 × 109/L, B,
reticulocyte recovery ≥1%, C, platelet
recovery ≥20 × 109/L, D, platelet
recovery ≥50 × 109/L, and E, grade II-IV
acute GVHD after transplantation are
shown. CBT, cord blood transplantation;

GVHD, graft-vs-host disease; MSC-CBT,
cord blood transplantation combined with
intra-bone marrow injection of
mesenchymal stem cells
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TABLE 4 Comparison between
patients receiving MSC-CBT and CBT
alone

Characteristic or outcome MSC-CBT (n = 5) CBT (n = 6) P value

Patient characteristics

Patient age, median (range), y 47 (24-70) 44 (35-52) .62

Patient sex, male, n (%) 4 (80) 2 (33) .24

Diagnosis, n (%) .35

AML 2 (40) 3 (50)

ALL 0 (0) 2 (33)

MDS 2 (40) 0 (0)

ENKTL 1 (10) 0 (0)

ET 0 (0) 1 (17)

Disease risk, advanced, n (%) 3 (60) 3 (50) 1.00

HCT-CI, ≥2, n (%) 0 (0) 2 (33) .46

Conditioning, MAC, n (%) 5 (100) 6 (100) NA

GVHD prophylaxis, TAC + sMTX, n (%) 5 (100) 6 (100) NA

Sex mismatch, n (%) 2 (40) 4 (67) .57

ABO mismatch, n (%) 3 (60) 3 (50) 1.00

HLA matching, GVH direction, n (%) 1.00

5/6 1 (20) 1 (17)

4/6 4 (80) 5 (83)

HLA matching, HVG direction, n (%) .46

5/6 1 (20) 0 (0)

4/6 4 (80) 6 (100)

DSA, negative, n (%) 5 (100) 6 (100) NA

TNCs, median (range), × 107/kg 2.56 (1.85-4.35) 2.90 (2.26-3.79) .83

CD34 + cells, median (range), × 105/kg 0.99 (0.66-1.18) 0.66 (0.45-0.94) .07

Outcomes

Graft failure, n (%) 0 (0) 0 (0) NA

Time to recovery, median days (range)

Neutrophils ≥0.5 × 109/L 21 (17-27) 22 (20-25) .85

Reticulocytes ≥1% 35 (29-39) 33 (28-46) .58

Platelets ≥20 × 109/L 38 (29-48) 39 (32-47) 1.00

Platelets ≥50 × 109/L 52 (42-57) 46 (34-53) .29

Acute GVHD, grade II-IV, n (%) 0 (0) 3 (50) .24

Acute GVHD, grade III-IV, n (%) 0 (0) 1 (17) 1.00

Chronic GVHD, n (%) 0 (0) 0 (0) NA

Relapse, n (%) 0 (0) 2 (33) .46

1-year TRM, n (%) 0 (0) 0 (0) NA

1-year OS, n (%) 5 (100) 5 (83) 1.00

Abbreviations: ABO, ABO blood type; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia;

CBT, cord blood transplantation; DSA, donor HLA-specific antigen; ENKTL, extranodal natural killer/T-

cell lymphoma; ET, essential thrombocythemia; GVH, graft-vs-host; GVHD, graft-vs-host disease; HCT-

CI, hematopoietic cell transplantation-specific comorbidity index; HLA, human leukocyte antigen; HVG,

host-vs-graft; MAC, myeloablative conditioning; MDS, myelodysplastic syndrome; MSC-CBT, cord blood

transplantation combined with intra-bone marrow injection of mesenchymal stem cells; NA, not available;

OS, overall survival; sMTX, short-term methotrexate; TAC, tacrolimus; TNC, total nuclear cell, TRM,

transplant-related mortality.
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3.5 | GVHD and survival

Only one patient experienced transient grade I acute GVHD of the

skin, which improved without systemic immunosuppressive treat-

ment. No patient developed grade II-IV acute GVHD (Figure 1E), and

no patient developed chronic GVHD. All patients were alive without

relapse at 1 year after transplantation.

3.6 | Control comparison

The control group consisted of six adult patients who received CBT

without MSC during the same time period at our institution (Table S2).

The comparisons of patient characteristics and transplant outcomes

between MSC-CBT patients and controls are summarized in

Table 4. There was no significant difference between patients who

received MSC-CBT and controls in terms of patient characteristics.

One control patient died with relapse of leukemia without achieve-

ment of platelet recovery (Table S2). The cumulative incidences of

neutrophil, reticulocyte, and platelet recoveries were similar in the

two groups (Figure 1A-D). For those who achieved hematopoietic

recovery, the median time to neutrophil, reticulocyte, and platelet

recoveries was not significantly different between the two groups

(Table 4). Grade II-IV acute GVHD developed in three controls

(50%); however, there was no grade II-IV acute GVHD in MSC-CBT

patients. The cumulative incidence of grade II-IV acute GVHD was

significantly lower in MSC-CBT patients compared with controls

(Figure 1E). Chronic GVHD did not develop in both groups. The inci-

dence of relapse, transplant-related mortality, and overall survival

were not significantly different between the two groups.

3.7 | Lymphocyte subset and cytokine/chemokine
analysis

Flow cytometry analysis was performed to compare lymphocyte

reconstitution after transplantation between MSC-CBT patients and

controls. There were no significant differences in lymphocyte subsets

at 28, 42, 56, and 84 days after transplantation between the two

groups (Figure S1 and Table S3). Cytometric bead array analysis was

performed to detect changes in cytokine and chemokine production

with the addition of intra-BM injection of MSCs. There were tenden-

cies to decreases in IFN-γ, IL-1α, IL-2, IL-4, and IL-21 levels within

28 days after transplantation in MSC-CBT patients compared with

controls (Figure S2).

4 | DISCUSSION

The present study showed the safety of CBT combined with intra-BM

injection of MSCs for adult patients with hematologic disorders.

Although several previous clinical studies had shown the safety and

feasibility of cotransplantation of MSCs,15-18,41-46 MSCs were

intravenously infused in all except one study,33 and the combination

of cotransplantation of MSCs and CBT was reported only in pediatric

patients.15-18 To the best of our knowledge, this is the first clinical trial

of CBT with cotransplantation of MSCs in a cohort of adult patients

and also the first trial of CBT combined with intra-BM injection of

MSCs. In the present study, no patient had adverse events related to

intra-BM injection of MSCs, and all patients achieved sustained

engraftment and were alive at least 1 year after transplantation with-

out grade II-IV acute GVHD and relapse. Although MSCs have immu-

nosuppressive properties, which are thought to be associated with

the risk of delayed immune reconstitution and attenuation of graft-vs-

tumor effects, immune reconstitution after transplantation was not

inhibited, and relapse was not observed in MSC-CBT patients in the

present study. Though GVHD treatment with MSCs has been

reported to be a risk factor for pneumonia-related mortality,47 no

patient developed pulmonary infection and severe infectious compli-

cations, at least in the early stage after transplantation.

Four clinical studies of cotransplantation of MSCs in CBT for

pediatric patients have been reported. One study, in which G-CSF

was used only for 23% of the patients, reported a rate of neutrophil

engraftment of 85%, with a median time of 30 days after transplanta-

tion and no reduction of the risk of graft failure.16 On the other hand,

in the other studies, all patients achieved neutrophil engraftment at a

median of 11, 19, and 19 days after transplantation, whereas the

times of neutrophil and platelet recoveries were not different com-

pared with historical control groups.15,17,18 Because these study sub-

jects were pediatric patients and the total cell dose of the CB graft

was sufficient (median 3.1 to 5.7 × 107/kg), the differences in hema-

topoietic recoveries between with and without cotransplantation of

MSCs were thought to be minimal. In the present study, all five adult

patients achieved both neutrophil and platelet recoveries with rela-

tively lower cell doses of CB graft compared with pediatric patients,

including a unit with TNCs <2.0 × 107/kg. Although there was no dif-

ference in the time of hematopoietic recoveries, the present study

indicated the potential of intra-BM injection of MSCs to support

sustained engraftment. Further study is required to determine

whether intra-BM injection of MSCs improves engraftment in CBT for

adult patients.

In the present study, the engraftment of cotransplanted MSCs

was analyzed by chimerism analysis using short tandem repeats with a

detection limit of 0.1%. The chimerism of MSCs derived from recipi-

ent BM after transplant remained of recipient origin and the fraction

of the MSC donor was not detected. In the BM, MSCs differentiate

into BM stromal cells, osteocytes, osteoblasts, and endothelial cells, all

of which constitute the BM microenvironment, known as the HSC

niche, and they support hematopoiesis by controlling maintenance,

self-renewal, proliferation, differentiation, and mobilization of HSCs.20

In addition, it has been suggested that MSCs play a role in the

enhancement of homing and engraftment of HSCs to the BM niche

by secreting various growth factors, cytokines, chemokines, and che-

mokine ligands, despite feeble and transient engraftment of MSCs

themselves into BM.48-51 Recently, MSC-derived extracellular vesicles

have been reported to increase the expression of CXCR4 on CB HSCs,
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paralleled by augmented homing of HSCs to the BM niche.52 In mouse

model experiments, it has been demonstrated that direct intra-BM

injection of MSCs could enhance the engraftment of transplanted CB

cells more than intravenous injection.32 This report also showed that

significantly higher engraftment of CB cells was observed in not only

BM into which MSCs were injected, but also the contralateral side

BM without direct injection of MSCs.32 These findings imply that

enhancement of engraftment of transplanted HSCs is obtained more

by direct intra-BM injection of MSCs, whereas it is not dependent on

the sustained engraftment of donor MSCs in recipient BM.

Several inflammatory cytokines (IFN-γ, IL-1α, IL-2, IL-4, and IL-

21), which play important roles in the pathogenesis of GVHD, were

lower in MSC-CBT patients than in controls in this study. However,

the comparison of cytokine levels has a limitation in the present

small-sample study. The observed differences in cytokine levels after

transplant could be not the reason for, but rather the result of the lack

of acute GVHD. Although all MSC-CBT and control patients received

similar myeloablative conditioning regimens, the observation could

also be explained by differences in the actual damage caused by con-

ditioning regimen. The effect of cotransplantation of MSCs on cyto-

kine production and its association with the development of GVHD

should be analyzed by further studies with larger cohorts of patients

and controls.

In adult patients undergoing CBT in Japan, the incidences of

grade II-IV and grade III-IV acute GVHD were reported to be 13%-

41% and 8%-12%, respectively.2,3,6 Although no development of

grade II-IV acute GVHD in MSC-CBT patients suggests the potential

that cotransplantation of MSCs may prevent GVHD, this should be

confirmed by further studies, and a phase II trial to evaluate the effi-

cacy of this strategy is now being planned.

5 | CONCLUSION

CBT combined with intra-BM injection of MSCs was found to be a

safe and feasible therapeutic strategy. Furthermore, the present find-

ings suggest the potential that intra-BM injection of MSCs may pre-

vent the development of GVHD, accompanied by a decrease in some

inflammatory cytokines, with no inhibition of engraftment and

immune reconstitution. This strategy might be applicable not only to

CBT but also to BMT or PBSCT, leading to prevention of severe

GVHD, especially in HLA-mismatched settings and reduction of the

burden imposed on HSC donors by decreasing the required stem cell

number. Further clinical trials are needed to confirm the efficacy of

intra-BM injection of MSCs.

ACKNOWLEDGMENTS

The authors are grateful to Dr Hiroatsu Iida of National Hospital

Organization Nagoya Medical Center for his analysis of chimerism.

The authors also would like to thank Chika Wakamatsu and Yoko

Matsuyama for their technical assistance. This study was supported in

part by a Practical Research Project for Allergic Disease and Immunol-

ogy (17ek0510022h0001 to M.M.) from the Japan Agency for

Medical Research and Development, a Clinical Research Promotion

Award from the Japan Society of Transfusion Medicine and Cell Ther-

apy (to M.M.), a Grant-in-Aid for Scientific Research (KAKENHI)

(18K08321 to M.M.) from the Japan Society for the Promotion of Sci-

ence (JSPS), and Nagoya University Hospital Funding for Clinical

Development (to M.M.). Platelet concentrate was provided by the

Japan Red Cross Blood Center by the Application for the use of blood

donated in Japan based on the “Guidelines on the use of donated

blood in R&D, etc.” A.H. is currently affiliated with the Division of Bio-

statistics and Data Science, Clinical Research Center, Tokyo Medical

and Dental University, Tokyo, Japan.

CONFLICT OF INTEREST

T.M. received educational and investigational support from Chugai

Pharmaceutical Co., Ltd. and Novo Nordisk Pharma Ltd.; honoraria

from Shire/Takeda Pharmaceutical Co., Ltd., Bayer Pharmaceutical

Co., Ltd., Bioverativ/Sanofi Co., Ltd., Chugai Pharmaceutical Co., Ltd.,

CSL Behring Co., Ltd., and Novo Nordisk Pharma Ltd.; serves on advi-

sory boards for Baxalta/Shire/Takeda Pharmaceutical Co., Ltd., Bayer

Pharmaceutical Co., Ltd., Novo Nordisk Pharma Ltd., Chugai Pharma-

ceutical Co., Ltd., and Pfizer Co., Ltd. H.K. received research funding

from FUJIFILM Corporation, Kyowa Hakko Kirin Co., Ltd., Otsuka

Pharmaceutical Co., Ltd., Perseus Proteomics Inc., Daiichi Sankyo Co.,

Ltd., AbbVie GK, Astellas Pharma Inc., Zenyaku Kogyo Co., Ltd., Nip-

pon Shinyaku Co., Ltd., Eisai Co., Ltd., Chugai Pharmaceutical Co., Ltd.,

Takeda Pharmaceutical Co., Ltd., and Sumitomo Dainippon Pharma

Co., Ltd.; honoraria from Bristol-Myers Squibb, Ltd. and Astellas

Pharma Inc.; served as the Consultant/Advisory role Astellas, Daiichi

Sankyo, received honoraria from Astellas, and received research

funding from Chugai, Kyowa Hakko Kirin, Zenyaku Kogyo, FUJIFILM,

Daiichi Sankyo, Astellas, Otsuka, Nippon Shinyaku, Eisai, Pfizer,

Takeda, Novartis, Sumitomo Dainippon, Sanofi, Celgene. These com-

panies were not directly involved in any part of this study. The other

authors indicated no potential conflicts of interest.

AUTHOR CONTRIBUTIONS

T.G.: conception and design, provision of study material or patients, col-

lection and/or assembly of data, data analysis and interpretation, manu-

script writing, final approval of manuscript; M.M.: conception and

design, financial support, provision of study material or patients, collec-

tion and/or assembly of data, data analysis and interpretation, manu-

script writing, final approval of manuscript; T.N.: conception and design,

provision of study material or patients, collection and/or assembly of

data, data analysis and interpretation, final approval of manuscript; S.T.,

Y.I., Y.U., and Y.A.: provision of study material or patients, collection

and/or assembly of data, final approval of manuscript; S.K.: collection

and/or assembly of data, data analysis and interpretation, final approval

of manuscript; S.S.: conception and design, provision of study material

or patients, collection and/or assembly of data, final approval of manu-

script; K.K., A.H., S.N., N.N., and Y.T.: conception and design, administra-

tive support, final approval of manuscript; Y.K. and T.M.: administrative

support, final approval of manuscript; H.K.: conception and design,

financial support, administrative support, final approval of manuscript.

INTRA-BM COTRANSPLANTATION OF MSCs IN CBT 551



DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available on

request from the corresponding author.

ORCID

Makoto Murata https://orcid.org/0000-0001-5488-4364

REFERENCES

1. Eapen M, Rocha V, Sanz G, et al.; Center for International Blood and

Marrow Transplant Research, Acute Leukemia Working Party

Eurocord (the European Group for Blood Marrow Transplantation),

National Cord Blood Program of the New York Blood Center. Effect

of graft source on unrelated donor haemopoietic stem-cell transplan-

tation in adults with acute leukaemia: a retrospective analysis. Lancet

Oncol. 2010;11:653-660.

2. Terakura S, Nishida T, Sawa M, et al. Prospective evaluation of alter-

native donor from unrelated donor and cord blood in adult acute leu-

kemia and myelodysplastic syndrome. Bone Marrow Transplant. 2020;

55:1399-1409.

3. Terakura S, Atsuta Y, Tsukada N, et al.; Japan Society for Hematopoi-

etic Cell Transplantation. Comparison of outcomes of 8/8 and 7/8

allele–matched unrelated bone marrow transplantation and single-

unit cord blood transplantation in adults with acute leukemia. Biol

Blood Marrow Transplant. 2016;22:330-338.

4. Terakura S, Nishida T, Sawa M, et al.; Nagoya Blood and Marrow

Transplantation Group. Prospective phase 2 study of umbilical cord

blood transplantation in adult acute leukemia and myelodysplastic

syndrome. Biol Blood Marrow Transplant. 2020;26:139-144.

5. Goto T, Tanaka T, Sawa M, et al. Prospective observational study

on the first 51 cases of peripheral blood stem cell transplantation

from unrelated donors in Japan. Int J Hematol. 2018;107:

211-221.

6. Tanaka M, Miyamura K, Terakura S, et al. Comparison of cord blood

transplantation with unrelated bone marrow transplantation in

patients older than fifty years. Biol Blood Marrow Transplant. 2015;21:

517-525.

7. Wagner JE Jr, Eapen M, Carter S, et al. One-unit versus two-unit

cord-blood transplantation for hematologic cancers. N Engl J Med.

2014;371:1685-1694.

8. De Lima M, McMannis J, Gee A, et al. Transplantation of ex vivo

expanded cord blood cells using the copper chelator

tetraethylenepentamine: a phase I/II clinical trial. Bone Marrow Trans-

plant. 2008;41:771-778.

9. Delaney C, Heimfeld S, Brashem-Stein C, Voorhies H, Manger RL,

Bernstein ID. Notch-mediated expansion of human cord blood pro-

genitor cells capable of rapid myeloid reconstitution. Nat Med. 2010;

16:232-236.

10. Horwitz ME, Chao NJ, Rizzieri DA, et al. Umbilical cord blood expan-

sion with nicotinamide provides long-term multilineage engraftment.

J Clin Invest. 2014;124:3121-3128.

11. De Lima M, McNiece I, Robinson SN, et al. Cord-blood engraftment

with ex vivo mesenchymal-cell coculture. N Engl J Med. 2012;367:

2305-2315.

12. Wagner JE Jr, Brunstein CG, Boitano AE, et al. Phase I/II trial of

StemRegenin-1 expanded umbilical cord blood hematopoietic stem

cells supports testing as a stand-alone graft. Cell Stem Cell. 2016;18:

144-155.

13. Frassoni F, Gualandi F, Podestà M, et al. Direct intrabone transplant

of unrelated cord-blood cells in acute leukaemia: a phase I/II study.

Lancet Oncol. 2008;9:831-839.

14. Murata M, Maeda Y, Masuko M, et al. Phase II study of intrabone sin-

gle unit cord blood transplantation for hematological malignancies.

Cancer Sci. 2017;108:1634-1639.

15. Macmillan M, Blazar B, DeFor T, et al. Transplantation of ex-vivo

culture-expanded parental haploidentical mesenchymal stem cells to

promote engraftment in pediatric recipients of unrelated donor

umbilical cord blood: results of a phase I-II clinical trial. Bone Marrow

Transplant. 2009;43:447-454.

16. Bernardo M, Ball L, Cometa A, et al. Co-infusion of ex vivo-expanded,

parental MSCs prevents life-threatening acute GVHD, but does not

reduce the risk of graft failure in pediatric patients undergoing alloge-

neic umbilical cord blood transplantation. Bone Marrow Transplant.

2011;46:200-207.

17. Lee S, Lee M, Yoo K, et al. Co-transplantation of third-party umbilical

cord blood-derived MSCs promotes engraftment in children undergo-

ing unrelated umbilical cord blood transplantation. Bone Marrow

Transplant. 2013;48:1040-1045.

18. Wu KH, Sheu JN, Wu HP, et al. Cotransplantation of umbilical cord–
derived mesenchymal stem cells promote hematopoietic engraftment

in cord blood transplantation: a pilot study. Transplantation. 2013;95:

773-777.

19. Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and

disease. Nat Rev Immunol. 2008;8:726-736.

20. Muguruma Y, Yahata T, Miyatake H, et al. Reconstitution of the func-

tional human hematopoietic microenvironment derived from human

mesenchymal stem cells in the murine bone marrow compartment.

Blood. 2006;107:1878-1887.

21. Kiel MJ, Morrison SJ. Uncertainty in the niches that maintain

haematopoietic stem cells. Nat Rev Immunol. 2008;8:290-301.

22. Allan D, Tieu A, Lalu M, Burger D. Mesenchymal stromal cell-derived

extracellular vesicles for regenerative therapy and immune modula-

tion: progress and challenges toward clinical application. stem cells

translational med. 2020;9:39-46.

23. Muroi K, Miyamura K, Ohashi K, et al. Unrelated allogeneic bone

marrow-derived mesenchymal stem cells for steroid-refractory acute

graft-versus-host disease: a phase I/II study. Int J Hematol. 2013;98:

206-213.

24. Muroi K, Miyamura K, Okada M, et al. Bone marrow-derived mesen-

chymal stem cells (JR-031) for steroid-refractory grade III or IV acute

graft-versus-host disease: a phase II/III study. Int J Hematol. 2016;

103:243-250.

25. Hashmi S, Ahmed M, Murad MH, et al. Survival after mesenchymal

stromal cell therapy in steroid-refractory acute graft-versus-host dis-

ease: systematic review and meta-analysis. Lancet Haematol. 2016;3:

e45-e52.

26. Ringden O, Baygan A, Remberger M, et al. Placenta-derived decidua

stromal cells for treatment of severe acute graft-versus-host disease.

stem cells translational med. 2018;7:325-331.

27. Boberg E, von Bahr L, Afram G, et al. Treatment of chronic GvHD

with mesenchymal stromal cells induces durable responses: a phase II

study. stem cells translational med. 2020;9:1190-1202.

28. Ankrum JA, Ong JF, Karp JM. Mesenchymal stem cells: immune eva-

sive, not immune privileged. Nat Biotechnol. 2014;32:252-260.

29. Rasmusson I, Ringdén O, Sundberg B, et al. Mesenchymal stem cells

inhibit the formation of cytotoxic T lymphocytes, but not activated

cytotoxic T lymphocytes or natural killer cells. Transplantation. 2003;

76:1208-1213.

30. Mabuchi Y, Morikawa S, Harada S, et al. LNGFR+ THY-1+ VCAM-1 hi

+ cells reveal functionally distinct subpopulations in mesenchymal

stem cells. Stem Cell Rep. 2013;1:152-165.

31. Noort WA, Kruisselbrink AB, in't Anker PS, et al. Mesenchymal stem

cells promote engraftment of human umbilical cord blood–derived
CD34+ cells in NOD/SCID mice. Exp Hematol. 2002;30:870-878.

32. Yuan YH, Zhou CF, Lu ZY, et al. Intrabone marrow injection enhances

placental mesenchymal stem cell mediated support of hematopoiesis

in mice. Turk J Med Sci. 2016;46:174-184.

33. Guo M, Sun Z, Sun QY, et al. A modified haploidentical non-

myeloablative transplantation without T cell depletion for high-risk

552 GOTO ET AL.

https://orcid.org/0000-0001-5488-4364
https://orcid.org/0000-0001-5488-4364


acute leukemia: successful engraftment and mild GVHD. Biol Blood

Marrow Transplant. 2009;15:930-937.

34. Lee H, Park JB, Lee S, Baek S, Kim HS, Kim SJ. Intra-osseous injection

of donor mesenchymal stem cell (MSC) into the bone marrow in living

donor kidney transplantation; a pilot study. J Transl Med. 2013;11:96.

35. Goto T, Murata M, Terakura S, et al. Phase I study of cord blood

transplantation with intrabone marrow injection of mesenchymal

stem cells: a clinical study protocol. Medicine. 2018;97:e0449.

36. Yokohata E, Kuwatsuka Y, Ohashi H, et al. Impact of T-cell chimerism

on relapse after cord blood transplantation for hematological malig-

nancies: Nagoya Blood and Marrow Transplantation Group study.

Bone Marrow Transplant. 2017;52:612-614.

37. Przepiorka D, Weisdorf D, Martin P, et al. 1994 consensus conference

on acute GVHD grading. Bone Marrow Transplant. 1995;15:825-828.

38. Shulman HM, Sullivan KM, Weiden PL, et al. Chronic graft-versus-

host syndrome in man. A long-term clinicopathologic study of

20 Seattle patients. Am J Med. 1980;69:204-217.

39. Filipovich AH, Weisdorf D, Pavletic S, et al. National Institutes of

Health consensus development project on criteria for clinical trials

in chronic graft-versus-host disease: I. Diagnosis and staging

working group report. Biol Blood Marrow Transplant. 2005;11:

945-956.

40. Kanda Y. Investigation of the freely available easy-to-use software

‘EZR’ for medical statistics. Bone Marrow Transplant. 2013;48:452-458.

41. Ball LM, Bernardo ME, Roelofs H, et al. Cotransplantation of ex vivo-

expanded mesenchymal stem cells accelerates lymphocyte recovery

and may reduce the risk of graft failure in haploidentical hematopoi-

etic stem-cell transplantation. Blood. 2007;110:2764-2767.

42. Baron F, Lechanteur C, Willems E, et al. Cotransplantation of mesen-

chymal stem cells might prevent death from graft-versus-host disease

(GVHD) without abrogating graft-versus-tumor effects after HLA-

mismatched allogeneic transplantation following nonmyeloablative

conditioning. Biol Blood Marrow Transplant. 2010;16:838-847.

43. Liu K, Chen Y, Zeng Y, et al. Coinfusion of mesenchymal stromal cells

facilitates platelet recovery without increasing leukemia recurrence in

haploidentical hematopoietic stem cell transplantation: a randomized,

controlled clinical study. Stem Cells Dev. 2011;20:1679-1685.

44. Wu Y, Wang Z, Cao Y, et al. Cotransplantation of haploidentical

hematopoietic and umbilical cord mesenchymal stem cells with a

myeloablative regimen for refractory/relapsed hematologic malig-

nancy. Ann Hematol. 2013;92:1675-1684.

45. Li XH, Gao CJ, Da WM, et al. Reduced intensity conditioning, com-

bined transplantation of haploidentical hematopoietic stem cells and

mesenchymal stem cells in patients with severe aplastic anemia. PLoS

One. 2014;9:e89666.

46. Wu Y, Cao Y, Li X, et al. Cotransplantation of haploidentical hemato-

poietic and umbilical cord mesenchymal stem cells for severe aplastic

anemia: successful engraftment and mild GVHD. Stem Cell Res. 2014;

12:132-138.

47. Forslöw U, Blennow O, LeBlanc K, et al. Treatment with mesenchy-

mal stromal cells is a risk factor for pneumonia - related death after

allogeneic hematopoietic stem cell transplantation. Eur J Haematol.

2012;89:220-227.

48. Horwitz E, Dominici M. How do mesenchymal stromal cells exert

their therapeutic benefit? Cytotherapy. 2008;10:771-774.

49. Honczarenko M, Le Y, Swierkowski M, et al. Human bone marrow

stromal cells express a distinct set of biologically functional chemo-

kine receptors. STEM CELLS. 2006;24:1030-1041.

50. Majumdar MK, Thiede MA, Haynesworth SE, Bruder SP, Gerson SL.

Human marrow-derived mesenchymal stem cells (MSCs) express

hematopoietic cytokines and support long-term hematopoiesis when

differentiated toward stromal and osteogenic lineages. J Hematother

Stem Cell Res. 2000;9:841-848.

51. Ponomaryov T, Peled A, Petit I, et al. Induction of the chemokine

stromal-derived factor-1 following DNA damage improves human

stem cell function. J Clin Invest. 2000;106:1331-1339.

52. De Luca L, Trino S, Laurenzana I, et al. MiRNAs and piRNAs from

bone marrow mesenchymal stem cell extracellular vesicles induce cell

survival and inhibit cell differentiation of cord blood hematopoietic

stem cells: a new insight in transplantation. Oncotarget. 2016;7:6676-

6692.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.
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