
D
ow

nloaded
from

https://journals.lw
w
.com

/jpho-online
by

BhD
M
f5ePH

Kav1zEoum
1tQ

fN
4a+kJLhEZgbsIH

o4XM
i0hC

yw
C
X1AW

nYQ
p/IlQ

rH
D
3bhnalqTQ

iPt1l5O
LR

C
3N

M
PG

yqZ+M
le037cuPH

h40w
6V944Jm

ZJm
nfA==

on
08/17/2018

Downloadedfromhttps://journals.lww.com/jpho-onlinebyBhDMf5ePHKav1zEoum1tQfN4a+kJLhEZgbsIHo4XMi0hCywCX1AWnYQp/IlQrHD3bhnalqTQiPt1l5OLRC3NMPGyqZ+Mle037cuPHh40w6V944JmZJmnfA==on08/17/2018

In Vitro Mesenchymal Progenitor Cell Expansion is a
Predictor of Transplant-related Mortality and acute GvHD
III-IV After Bone Marrow Transplantation in Univariate

Analysis: A Large Single-Center Experience
Massimo Berger, MD, PhD,* Katia Mareschi, BSc,*† Sara Castiglia, BSc,*

Deborah Rustichelli, BSc,* Alessandra Mandese, BSc,*
Enrica Migliore, PhD,‡ and Franca Fagioli, MD*

Summary: Mesenchymal stromal cells (MSCs) are multipotent stem
cells able to differentiate into mesenchymal origin tissue and sup-
port the growth of hematopoietic stem cells. In order to understand
the role of MSCs infused in bone marrow grafts, 53 consecutive
patients were analyzed for engraftment, acute and chronic graft-
versus-host disease (GvHD), transplant-related mortality (TRM),
relapse incidence, and overall survival. The MSC content was
measured as MSC expansion at the second passage. When in vitro–
expanded MSC (cumulative population doubling at second passage,
cPDp2) values were stratified according to the median value
(2.2-fold increase), the univariate analysis showed a significant dif-
ference in TRM (23% vs. 3.8%, P= 0.05.) and in acute GvHD III-
IV incidence (12% vs. 4%, P= 0.04), while the multivariate analysis
did not confirm its independent role. No clinical parameters in
donors and recipients were identified as predictors of cPDp2
expansion. Our study suggests a role for short-term ex vivo–
expanded MSCs in reduced aGVHD III-IV incidence and TRM in
univariate analysis. A multicenter, larger study is warranted to
confirm these data.

Key Words: mesenchymal stem cells, bone marrow transplantation,
acute GvHD, transplant-related mortality
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A llogeneic hematopoietic stem cell transplantation
(HSCT) is the treatment of choice for many malignant

and nonmalignant disorders.1,2

Mesenchymal stromal cell (MSCs), also known as
mesenchymal stromal/stem cells, are non-hematopoietic
stem cells (HSCs) that were originally defined as self-
renewing, multipotent progenitor cells with multilineage
potential to differentiate into other types of cells of meso-
dermal origin.3 These cells also provide support for the

growth and differentiation of hematopoietic progenitor cells
in bone marrow (BM) microenvironments and, in animal
models, promote engraftment of hematopoietic cells.4,5 In
coculture experiments with allogeneic lymphocytes, MSCs
do not induce lymphocyte proliferation, interferon-γ
production, or an upregulation of activation markers.6,7

Furthermore, MSCs suppress proliferation of activated
lymphocytes in vitro in a dose-dependent, non–human leu-
kocyte antigen (HLA)-restricted, manner.6,8 It has also been
shown that stromal cells may be damaged by chemo-
radiotherapy before HSCT,9 and, from a clinical point of
view, data on previous studies showed how the add back of
stromal cells entrapped in filters during HSCT provided an
advantage in terms of reduced graft-versus-host disease
(GvHD) and lower transplant-related mortality (TRM).10

To date, the human BM fibroblast colony–forming
units (CFU-F) and the adherent ratio are the easiest
parameters of MSC content in the graft, but the role of
MSCs to (1) expand in vivo, (2) maintain stemness in vivo
and later be able to differentiate into a committed lineage,
and (3) survive and engraft in the recipient, is under inves-
tigation. As the role of MSCs transplanted in the BM graft
is still not fully understood, and the role of CFU-F is still
under debate, we decided to study the in vitro expansion
ability of MSCs and, then, to compare their role in reducing
transplant toxicity, and improving survival.

PATIENTS AND METHODS

Patients
A retrospective study was carried out of 53 patients,

who were treated by allogeneic BM transplantation at our
center—Regina Margherita Children Hospital, Pediatric
Onco-Hematology and Stem Cell Transplant Division—
between March 2009 and October 2013. Allogeneic donor
BM samples were used for MSC isolation and expansion.
The patients’parents/legal representative signed the informed
consent. The study was conducted in compliance with the
principles of the Declaration of Helsinki.

BM Collection and Infusion
HSCs from BM were infused in our patients from 22

unrelated and 31 related donors. The number of total
nucleated cells (TNC), CD34+ cells, CD3+ cells, colony-
forming unit-granulocyte monocyte (CFU-GM), burst
forming unit-erythroid (BFU-E), and long-term culture-
initiating cells (LTC-IC) present in the BM collection were
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analyzed, as previously described,11 and calculated per
patient Kg.

MSC Preparation and In Vitro Expansion
The whole BM sample was directly plated in alpha-

minimum essential media (Sigma-Aldrich, LTO Irvine,
Ayrshire, UK) containing 10% fetal bovine serum (Sigma-
Aldrich) at a seeding density of 10,000 cells/cm2. After
7 days, the nonadherent cells were removed and discarded.
The adherent cells were refed every 5 to 7 days and, when
confluence was reached, the cells were detached and replated
for a further 3 to 5 passages at 1000 cells/cm2, as previously
described.12 We considered MSCs at passage 1 (P1) as the
initial time-point when the cells were harvested and replated.
We considered this value as an index to quantify stromal
progenitors. The same cellular and culture conditions were
maintained by the cellular plating of whole BM and during
the expansion process. The following passages were coded
with increasing numbers: P2, P3, etc. To evaluate cellular
growth, the cell growth rate in terms of population doubling
(PD) was computed using the formula log N/log 2, where N
indicated the rate (the cell number of the detached cells
divided by the initial number of seeded cells) and the
expansion in terms of cumulative PD (cPD). The cells were
characterized as indicated by the International Society for
Cellular Therapy,13 and minimal criteria were met for them
to be defined as MSCs12,14

In particular, at each passage, the cells were analyzed
for viability, immunophenotype, and proliferative potential,
and, also, they were differentiated into osteoblasts, chon-
droblasts, and adipocytes, as previously reported.12,14

Statistical Analysis and Methods
The primary endpoint of this study was to evaluate the

role of MSCs in reducing TRM, while the secondary end-
points were to evaluate (i) neutrophil and platelet engraft-
ment, (ii) GvHD II-IV cumulative incidence, (ii) acute
GVHD III-IV cumulative incidence, (iv) chronic GvHD
cumulative incidence, (iv) 3-year relapse incidence (RI), and
(v) 3-year overall survival (OS). The RI was calculated for
malignancies only.

Absolute neutrophil count (ANC) engraftment was
defined as the first of 3 consecutive days of ANC≥ 0.5×109/L,
while platelet (PLT) engraftment was defined as the first of 3
consecutive days with PLT≥ 50×109/L without transfusion.
Acute and chronic GvHD were classified according to the
Seattle criteria.15,16 TRM was defined as the probability of
dying without recurrence. Relapse was considered the com-
petitive event to compute TRM. RI was defined as the
probability of disease recurrence. OS was defined as the
probability of survival, irrespective of the disease state. Graft
failure was considered as a relapse for nonmalignant disease,
while for malignancies, graft failure patients were censored.
Patients were stratified according to the median value, and
each outcome was calculated according to these subgroups.

The acute GvHD II-IV, acute GvHD III-IV, chronic
GvHD, TRM, and RI cumulative curves were calculated by
NCSS software, while the statistical differences were calcu-
lated by the Gray test using the R-package.17 The OS was
calculated by Kaplan-Meier statistics18; the log-rank
test19,20 was used to calculate the P-values. A P-value below
0.05 was considered as statistically significant.

RESULTS
A total of 53 consecutive patients underwent HSCT

from both related (31, 58%) and unrelated donors (22, 41%).
The median age at HSCT was 8.6 years (0.6 to 24.8 y), and
the main indication for HSCT was acute leukemia (32
patients, 60%). Ten patients underwent HSCT for non-
malignant disease (19%). Ten patients received HSCT in
first complete remission (CR1, 19%), sixteen patients in CR2
(30%), and 3 patients in CR3 (6%). Forty patients (75%)
received a myeloablative conditioning regimen; the majority
of donors were male individuals (37, 75%), and the median
donor age was 25 years (3 to 41 y). See Table 1 for details.

A median of 5.1×108 TNC/kg (range: 1.7 to 15.8),
5.8×106 CD34+/Kg (range: 1.2 to 16.7), and 53.1×106

CD3+/Kg (13 to 177.2) were infused.

Isolation and Analysis of MSCs
The time and the number of passages of MSC expan-

sion was variable among patients; however, we isolated and

TABLE 1. Patients’ Characteristics

Patient Characteristics N= 53 (100%)

Sex M/F 30/23
Patient age (y) 8.6 (0.6-24.8)
Disease AML 10 (19)

ALL 22 (41)
Non-Hodgkin lymphoma 2 (4)
Nonmalignant disease 10 (19)
Hodgkin lymphoma 1 (2)
Myelodysplastic

symdrome
3 (6)

Neuroblastoma 5 (9)
Disease status at

HSCT
CR1 10 (19)
CR2 16 (30)
CR3 3 (6)
PR 5 (9)

Untreated/present disease 19 (36)
CMV Negative 5 (9)

Positive 49 (92)
HLA match Identical sibling 21 (40)

Unrelated 10/10 14 (26)
Unrelated ≤ 9/10 18 (34)

Conditioning Myeloablative 40 (75)
Nonmyeloablative 13 (24)

GvHD prophylaxis Cy-A 10 (19)
Cy-A+MTX 12 (23)

Cy-A+MTX+ATG 31 (58)
Donor age (y) 25 (4-57)
Sex mismatch 13 (24)

40 (75)
TNC (×108)/kg 5.1 (1.7-15.8)
CD34+ (×106)/kg 5.8 (1.2-16.7)
CD3+ (×106)/kg 53.1 (13-177.2)
CFU-GM (×104)kg 19.9 (3.5-103.4)
BFU-E (×104)/kg 16.1 (3.9-59.9)
LTC-IC (×102)/kg 11.1 (0.6-144.5)

ALL indicates acute lymphoblastic leukemia; AML, acute myelogenous
leukemia; ATG, polyclonal anti-T globulin; BFU-E, burst forming unit-
erythroid; CFU-GM, colony-forming unit-granulocyte monocyte; CMV,
cytomegalovirus; CR1, first complete remission; CR2, second complete
remission; CR3, third complete remission; Cy-A, Cyclosporine-A; F, female;
GvHD, graft versus host disease; HLA, human leukocyte antigen; HSCT,
hematopoietic stem cell transplantation; LTC-IC, long-term culture-initiating
cells; M, male; MTX, Methotrexate; PR, partial remission; TNC, total
nucleated cells.
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expanded MSCs until the second passage from all the
patients, with a median time for the P1 of 15 days (range: 11
to 20 d), for the P2 of 28 days (range: 18 to 40 d), and for P3
of 38 days (range: 28 to 50 d). Isolated MSCs were negative
for all hematopoietic antigens and for HLA-DR, and
expressed > 90% of CD90, CD73, CD105, and CD146,
as shown in the Table 2. Isolated MSCs were also able
to differentiate into osteoblasts, adypocytes, and
chondrocytes.12,14

As all patients’ MSCs were cultured until the second
passage, we considered cPDp2 as a value to analyze the
MSCs. As shown in Table 3, the ANC and PLT engraft-
ment speed was not affected by the MSC growth. A trend
for better OS was observed for patients having higher
cPDp2 values (P> 0.05). We observed a reduced TRM for
patients having an HSCT content of cPDp2 above the 50th
percentile (P= 0.05). A whisker plot graph shows the cPDp2
growth differences among TRM and non-TRM patients
(Fig. 1). Acute GvHD II-IV was not significantly different
among the groups (P=NS), while severe aGvHD III-IV was
reduced in patients having a higher expansion of MSC
(P= 0.04.). The cGvHD incidence and the RI did not differ
among the groups (P=NS).

Multivariate Analysis
The multivariate model shows that cPDp2 growth

values do not play a significant independent role in TRM
risk (hazard ratio [HR], 0.99; 95% confidence interval [CI],
0.98-1.01), while the HLA match (unrelated donor with
HLA match below 9/10 [HR, 3.23; 95% CI, 0.33-32.2]) and
the conditioning regimen (myeloablative [HR, 2.19; 95% CI,
0.22-22.1]) seem to increase the risk of TRM, even if the
small numbers do not allow to reach the statistical sig-
nificance. The GvHD III-IV risk shows a similar trend, even
if the reduced number of the sample makes the inter-
pretation even more uncertain.

Factors Affecting cPDp2 Growth
When we analyzed factors to assess a predictive role for

higher cPDp2 content, no significant effects for the patient
and donor age, sex, type of disease, conditioning regimen,
TNC dose, CD34+ dose, or CD3+ dose were observed; in
particular, no significant relation between donor age and
expansion potential was observed.

Causes of Death
Five patients having higher cPDp2 growth died. Two

patients died from disease progression (40%), 1 patient from
posttransplant lymphoproliferative disease (20%), 1 from
acute respiratory distress syndrome (20%), and 1 from acute
GvHD (20%).

Ten patients having cPDp2 expansion below the
median died. Four patients died from disease progression
(40%), 1 from pulmonary thrombosis (10%), 1 from acute
respiratory distress syndrome (10%), 1 from fungal infection
(10%), 1 from viral infection (10%), and, finally, 1 from
acute GvHD (10%).

DISCUSSION
The role of MSC progenitors in the setting of HSCT

still needs clarifying and is still a matter of debate. Lazarus
et al21 were the first to show that it was safe to give HLA-
identical MSCs to allogeneic HSCT recipients showing
MSCs of donor origin in 2 of 18 patients (2% to 14% of
the MSCs obtained from BM culture). A further 2 papers
dealt with the role of MSCs in 2 particular HSCT settings:
Bernardo et al22 used MSCs at the time of HSCT trans-
plantation in recipients of cord blood grafts. Although they
did not notice any differences in hematological recovery or
the rejection rate, there was a significant decrease of grade
III and IV acute GvHD incidence in their study cohort,
when compared with controls (P= 0.05). Ball et al23 per-
formed cotransplantation of MSCs, after haploidentical
HSCT, showing how multiple MSC infusions were safe and
effective in children with steroid-refractory aGvHD, espe-
cially when utilized early in the disease course. In addition,
no increase of infections was documented.

Moreover, Kuzmina et al,24 in a randomized prophy-
lactic study, were able to show reduced rate of acute GVHD
II-IV from 33% to 5% for patients who received MSCs, but,
also, in this series, no improved survival was reported.

TABLE 2. Mesenchymal Stromal Cells Characteristics:
Immunophenotype Analyzed by Cytofluorimetric Analysis

p1 p2

C90+ > 90% (91%-100%) > 90% (91%-100%)
CD73+ > 90% (91%-100%) > 90% (91%-100%)
CD105+ > 90% (91%-100%) > 90% (91%-100%)
CD146+ > 80% (50%-99%) > 80% (33%-98%)
HLA-DR+ < 10% (0%-8%) < 2% (0%-1%)
CD14+/34+/45+/19+ < 10% (0%-8%) < 2% (0%-1%)

TABLE 3. Outcome of Patients According to cPDp2 Count

CPDp2 Above the
Median

CPDp2 Below the
Median P

ANC 20 (11-32) 20.5 (14-32) NS
PLT 23 (12-191) 29 (21-125) NS
TRM 3.8% (0-26) 23% (11-46) 0.05
RI 38% (23-62) 23% (11-46) NS
GvHD II-IV 32% (18-56) 36% (21-60) NS
GvHD III-

IV
4% (0-27) 12% (4-34) 0.04

Chronic
GvHD

21% (10-47) 23% (10-49) NS

OS 60% (41-79) 54% (34-74) NS

ANC indicates absolute neutrophil count; GvHD, graft-versus-host dis-
ease; NS, not significanct; OS, overall survival; PLT, platelets; RI, relapse
incidence; TRM, transplant-related mortality.

FIGURE 1. Whisker plot distribution of cPDp2 growth among
transplant-related mortality (TRM) and non-TRM patients.
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While all these studies agree on the safety and efficacy
of MSC administration in GvHD, they do not offer any
conclusive data on benefits for a better survival.10,24 With
the exception of very few studies, significant heterogeneity
was observed in age, diagnoses, conditioning regimens,
HLA matching, HSC source, MSC source and indication
(prophylaxis or treatment), and culture conditions (Rizk
et al for reviews25).

Some considerations can be made if our findings are
compared with other studies. Our data come from a pre-
clinical study, while others are from clinical trials, implying
that the MSC growth and expansion we observed were not
affected by infections, drug toxicity, etc., that might well
have a role in MSC activity after transplantation. Moreover
data on MSC survival after HSCT are still lacking and
difficult to obtain, and very few studies have reported the
engraftment of those cells, thus indicating a low engraftment
of transplanted MSCs.26–28 However, in univariate analysis,
we demonstrated that the ex vivo MSC progenitor expan-
sion is statistically associated with both reduced GVHD III-
IV occurrences and lower TRM, while, as previously
reported in clinical trials, no effect on OS was highlighted.

If numerous papers have reiterated the persistence of
mesenchymal cells of recipient origin even after years from
HSCT, a possible interpretation could be linked to a rapid
effect of the transplanted MSCs within the graft that could
reduce the lymphocytes’ alloreactivity present in the BM.
This effect would then be subsequently lost due to the
entrapment of MSCs in the pulmonary rather than splenic
or hepatic reticuloendothelial system. In particular, 2 recent
papers dealt on the immunosuppressive ability of MSC:
Klinker and colleagues were able to show a linear relation
between MSC morphology and immunosuppressive activity,
while Bloom and colleagues developed a reproducible assay
to measure allogeneic MSC-mediated suppression of CD4+

lymphocytes, showing a suppression of T-cell proliferation
ranging from 27% to 88%, according to standard MSC
products.29,30

When we focused on factors predicting a higher cPDp2
content, no significant effects for the patient or donor ages,
the donor relationship, sex, type or disease, conditioning
regimen, TNC dose, CD34+ dose, or CD3+ dose were
observed, even when a subgroup analysis (related vs. unre-
lated donor) was carried out.

In conclusion, we found a direct relation between
ex vivo MSC expansion and clinical outcomes. In uni-
variate analysis, we have shown how the MSCs in the BM
graft measured by in vitro cPDp2 are a clinical predictor
of TRM and of severe acute GvHD. Despite lacking
predictive patient-related, donor-related, or transplant-
related factors on cPDp2 expansion, has a better prog-
nostic value. A prospective study is ongoing to test MSC
chimerism and survival following HSCT, while a larger
multicenter study is warranted to confirm the role of MSC
growth after HSCT.

REFERENCES
1. Storb R, Prentice RL, Thomas ED, et al. Factors associated

with graft rejection after HLA-identical marrow transplanta-
tion for aplastic anaemia. Br J Haematol. 1983;55:573–585.

2. Sierra J, Storer B, Hansen JA, et al. Transplantation of marrow
cells from unrelated donors for treatment of high-risk acute
leukemia: the effect of leukemic burden, donor HLA-matching,
and marrow cell dose. Blood. 1997;89:4226–4235.

3. Pittenger MF, Mackay AM, Beck SC, et al. Multilineage
potential of adult human mesenchymal stem cells. Science.
1999;284:143–147.

4. Blazsek I, Misset JL, Benavides M, et al. Hematon, a
multicellular functional unit in normal human bone marrow:
structural organization, hemopoietic activity, and its relation-
ship to myelodysplasia and myeloid leukemias. Exp Hematol.
1990;18:259–265.

5. El-Badri NS, Wang BY, Cherry, et al. Osteoblasts promote
engraftment of allogeneic hematopoietic stem cells. Exp Hematol.
1998;26:110–116.

6. TseWT, Pendleton JD, BeyerWM, et al. Suppression of allogeneic
T-cell proliferation by human marrow stromal cells: implications in
transplantation. Transplantation. 2003;75:389–397.

7. Bartholomew A, Sturgeon C, Siatskas M, et al. Mesenchymal
stem cells suppress lymphocyte proliferation in vitro and
prolong skin graft survival in vivo. Exp Hematol. 2002;30:
42–48.

8. Klyushnenkova E, Mosca JD, Zernetkina V, et al. T cell
responses to allogeneic human mesenchymal stem cells:
immunogenicity, tolerance, and suppression. J Biomed Sci.
2005;12:47–57.

9. Galotto M, Berisso G, Delfino L, et al. Stromal damage as
consequence of high-dose chemo/radiotherapy in bone marrow
transplant recipients. Exp Hematol. 1999;27:1460–1466.

10. Vicente D, Podestà M, Pitto A, et al. Progenitor cells trapped in
marrow filters can reduce GvHD and transplant mortality.
Bone Marrow Transplant. 2006;38:111–117.

11. Berger M, Fagioli F, Piacibello W, et al. Role of different
medium and growth factors on placental blood stem cell
expansion: an in vitro and in vivo study. Bone Marrow
Transplant. 2002;29:443–448.

12. Mareschi K, Rustichelli D, Calabrese R, et al. Multipotent
mesenchymal stromal stem cell expansion by plating whole
bone marrow at a low cellular density: a more advantageous
method for clinical use. Stem Cells Int. 2012;2012:920581.

13. Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria for
defining multipotent mesenchymal stromal cells. The Interna-
tional Society for Cellular Therapy position statement. Cyto-
therapy. 2006;8:315–317.

14. Castiglia S, Mareschi K, Labanca L, et al. Inactivated human
platelet lysate with psoralen: a new perspective for mesenchy-
mal stromal cell production in Good Manufacturing Practice
conditions. Cytotherapy. 2014;16:750–763.

15. Glucksberg H, Storb R, Fefer A, et al. Clinical manifestations of
graft-versus-host disease in human recipients of marrow from HL-
A-matched sibling donors. Transplantation. 1974;18:295–304.

16. 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.

17. Kim HT. Cumulative incidence in competing risks data and
competing risks regression analysis. Clin Cancer Res. 2007;13
(pt 1):559–565.

18. Kaplan EL, Meier P. Nonparametric estimation from incom-
plete observations. J Am Stat Assoc. 1958;53:457–481.

19. Fine JP, Gray RJ. A proportional hazards model for the
subdistribution of a competing risk. J Am Stat Assoc. 1999;94:
496–509.

20. Bland JM, Altman DG. The logrank test. BMJ. 2004;328:1073.
21. Lazarus HM, Koc ON, Devine SM, et al. Cotransplantation of

HLA-identical sibling culture-expanded mesenchymal stem
cells and hematopoietic stem cells in hematologic malignancy
patients. Biol Blood Marrow Transplant. 2005;11:389–398.

22. Bernardo ME, Ball LM, Cometa AM, 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 allogeneic umbilical cord blood
transplantation. Bone Marrow Transplant. 2011;46:200–207.

23. Ball LM, Bernardo ME, Roelofs H, et al. Multiple infusions of
mesenchymal stromal cells induce sustained remission in
children with steroid-refractory, grade III-IV acute graft-
versus-host disease. Br J Haematol. 2013;163:501–509.

Berger et al J Pediatr Hematol Oncol � Volume 00, Number 00, ’’ 2018

4 | www.jpho-online.com Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

Copyright r 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



24. Kuzmina LA, Petinati NA, Parovichnikova EN, et al. Multi-
potent mesenchymal stromal cells for the prophylaxis of acute
graft-versus-host disease-a phase II study. Stem Cells Int.
2012;2012:968213.

25. Rizk M, Monaghan M, Shorr R, et al. Heterogeneity in studies
of mesenchymal stromal cells to treat or prevent graft-versus-
host disease: a scoping review of the evidence. Biol Blood
Marrow Transplant. 2016;22:1416–1423.

26. Blazsek I, Delmas Marsalet B, Legras S, et al. Large scale
recovery and characterization of stromal cell-associated prim-
itive haemopoietic progenitor cells from filter-retained human
bone marrow. Bone Marrow Transplant. 1999;23:647–657.

27. Horwitz EM, Prockop DJ, Fitzpatrick LA, et al. Trans-
plantability and therapeutic effects of bone marrow-derived

mesenchymal cells in children with osteogenesis imperfecta. Nat
Med. 1999;5:309–313.

28. Horwitz EM, Gordon PL, Koo WKK, et al. Isolated allogeneic
bone marrow-derived mesenchymal cells engraft and stimulate
growth in children with osteogenesis imperfecta: Implications
for cell therapy of bone. Proc Natl Acad Sci U S A. 2002;99:
8932–8937.

29. Klinker MW, Marklein RA, Lo Surdo JL, et al. Morphological
features og IFN-γ-stimulated mesenchymal stromal cells predict
overall immunosuppressive capacity. Proc Natl Acad Sci USA.
2017;114:2598–2607.

30. Bloom DD, Centanni JM, Bhatia N, et al. A reproducible
immunopotency assay to measure mesenchymal stroma cell-
mediated T-cell suppression. Cytotherapy. 2015;17:140–151.

J Pediatr Hematol Oncol � Volume 00, Number 00, ’’ 2018 Mesenchymal Progenitor Cells are Predictors of Transplant Outcome

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved. www.jpho-online.com | 5

Copyright r 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


