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Maria Angelopoulou®*, Enrico Novelli®*, Joanna E. Grove?,
Henry M. Rinder?, Curt Civin®, Linzhao Chengb, and Diane S. Krause®

iDepartment of Laboratory Medicine, Yale University School of Medicine, New Haven, Conn., USA;
®Sidney Kimmel Comprehensive Cancer Center, Johns Hopkins University School of Medicine, Baltimore, Md., USA

(Received 27 September 2002; revised 29 January 2003; accepted 31 January 2003)

Objective. For approximately 5% of autologous transplant recipients and a higher proportion
of allogeneic transplant recipients, low level and delayed platelet engraftment is an ongoing
problem. Mesenchymal stem cells (MSC), which can be derived from bone marrow as well
as other organs, are capable of differentiation into multiple cell types and also support
hematopoiesis in vitro. Because cotransplantation of marrow-derived stromal cells has been
shown to enhance engraftment of human hematopoietic stem cells, we hypothesized that
cotransplantation of MSC could enhance platelet and myeloid cell development.

Materials and Methods. We tested this hypothesis by transplantation of CD34-selected
mobilized human peripheral blood stem cells (PBSC) into sublethally irradiated NOD/SCID
mice with or without culture-expanded human MSC and evaluated human myeloid, lymphoid,
and megakaryocytic engraftment with flow cytometry and in vitro cultures.

Results. We find that MSC cotransplantation enhances human cell engraftment when a limiting
dose (<1 x 106) of CD34 cells is administered. This enhancement is characterized by a shift
in the differentiation of human cells from predominantly B lymphocytes to predominantly
CD13", CD14", and CD33" myeloid cells with a corresponding increase in myeloid CFU in
the marrow. Megakaryocytopoiesis is enhanced by MSC cotransplantation as assessed by
an increase in both marrow CFU-MK and circulating human platelets. In contrast, MSC do
not affect the percentage of human bone marrow cells that expresses CD34".

Conclusions. Cotransplantation of human mesenchymal stem cells with CD34"-selected
hematopoietic stem cells enhances myelopoiesis and megakaryocytopoiesis. © 2003
International Society for Experimental Hematology. Published by Elsevier Science Inc.

Human mesenchymal stem cells (MSC) are adherent cells
capable of self-renewal and multilineage differentiation
[1,2]. Friedenstein and colleagues first demonstrated that
adherent cells grown from bone marrow are capable of differ-
entiation into osteoblasts and “mechanocytes” [3,4]. Since
then, despite the use of different nomenclatures, common
features among these cells have been identified [2]. MSC
are adherent in culture, have a finite lifespan of 15 to 50
cell doublings, and have the capacity to differentiate to
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osteoblasts, chondroblasts, myocytes, and adipocytes when
exposed to appropriate in vivo or in vitro stimuli [2,5-13].
Recent evidence suggests that if bone marrow—derived ad-
herent cells are grown at very low density, a highly plastic
subpopulation can grow in culture for at least 1 year, and
perhaps indefinitely [14,15].

While there is not a clearly defined antigenic phenotype
for MSC, there is agreement that they do not express typical
hematopoietic antigens such as CD45, CD34, CD14, CD11b,
CD43, or glycophorin A [5,16,17]. Surface antigens that
have been identified on MSC include Stro-1 [5,17,18], Thy-
1, c-kit [5,17,18], HOP26 [19], SH-2, SB-10, CD44, the
B-1 integrin CD29, transferrin receptor CD71 [16,20], and
osteogenic markers such as alkaline phosphatase, osteopon-
tin, and collagen types I and III [21], as well as others [13].

Transplantation of mesenchymal stem cells is used clini-
cally for bone and cartilage disorders. In preclinical animal
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models, there are promising data for using MSC to treat
central nervous system disorders [22], osteogenesis imper-
fecta [23], osteoporosis, and muscle damage [24]. MSC
transplantation into patients with osteogenesis imperfecta
[25] and infantile hypophosphatasia promotes bone for-
mation and decreases disease severity [26]. The use of MSC
in conjunction with hematopoietic stem cells for both autolo-
gous and allogeneic transplant has also been considered. In
human autologous and allogeneic peripheral blood stem cell
(PBSC) transplantation, most patients engraft quite rapidly
(absolute neutrophil count [ANC] of 500 within 11 days and
platelet count of 20,000 within 12 days post—autologous
transplant). However, approximately 5% of autologous pa-
tients have delayed (>18 days) or defective platelet en-
graftment, and this occurs most often in patients who receive
low doses of CD34" cells per kg [27,28]. Several lines
of evidence suggest that cotransplantation of MSC could
facilitate PBSC engraftment in patients who are at risk for
poor or delayed engraftment: 1) MSC support the growth
of hematopoietic stem and progenitor cells and dramatically
enhance megakaryocyte and platelet formation in vitro
[11,29,30]; 2) MSC produce several essential hematopoietic
growth factors including IL6, IL11, LIF, SCF, and FIt3
ligand [11,12,31]; and 3) MSC express adhesion molecules
and extracellular matrix proteins that are known to play a
role in hematopoietic stem cell homing, including VCAMI,
E-selectin, collagen I, and fibronectin [12,16,20].

Cotransplantation of human MSC together with human
hematopoietic stem cells enhances long-term engraftment
of human cells in fetal sheep and in immunodeficient mice
[32,33]. To date, definitive data demonstrating specific en-
hancement of human megakaryocytic and myelocytic
engraftment when MSC are cotransplanted with PBSC or
bone marrow are lacking. Interactions between hematopoi-
etic stem cells and stromal cells are essential for hemato-
poietic development and stromal cells are absent from
purified CD34" PBSC [17,34,35]. In a Phase I clinical trial
of autologous transplantation in patients with breast cancer,
cotransplantation of MSC with CD34-selected PBSC has
been performed [36]. Although the engraftment rates and
stability of engraftment were not compared to a control
group that received CD34 cells alone, infusion of MSC was
proven to be safe, and all patients engrafted both white blood
cells (WBC) and platelets rapidly, thus paving the way for
Phase II randomized clinical trials [36].

We have used the human-to-mouse xenotransplantation
model to test methods of enhancing human megakaryocytic
engraftment from PBSC in human-mouse chimeras, and
have proven that the NOD/SCID (nonobese diabetic/severe
combined immunodeficient) model offers an excellent sys-
tem to study those factors and conditions that contribute to
defective posttransplant platelet engraftment [37,38]. In this
report, we test directly whether cotransplantation of MSC
enhances human myeloid and megakaryocytic engraftment
of different doses of purified human CD34" PBSC into

NOD/SCID mice. We also tested whether the effect of MSC
is dependent on whether they are obtained from the autolo-
gous PBSC donor or an allogeneic human donor.

Materials and methods

Human cells
Human peripheral blood stem cells were collected by leukapheresis
from cancer patients undergoing autologous stem cell transplanta-
tion after mobilization with chemotherapy and daily subcutaneous
injections of 5 to 10 pg/kg granulocyte colony-stimulating factor
(G-CSF). CD34" cells were isolated using the Isolex cell selection
device (Baxter Immunotherapy, Irvine, CA, USA). The purity of
the CD34"-selected cells was 90 to 95%. Aliquots of the cells
were stored frozen in 10% dimethylsulfoxide (DMSO) in liquid
nitrogen under controlled conditions until ready for use. Patients
were not selected with regard to age, race, or sex. Informed consent
was obtained from the subjects, and the investigations had been
approved by the Yale University Human Investigation Committee.
MSC from healthy volunteers and from PBSC donors were
grown as previously described [13] and were either purchased from
Poietics (Biowhittaker, Walkersville, MD, USA) or produced at
Osiris Therapeutics (Baltimore, MD, USA) in precisely the same
manner that they were produced for Poietics. In either case, MSC
were confirmed to be negative for hematopoietic markers by flow
cytometry and capable of differentiating into osteocytes in vitro.
Cells were expanded according to the manufacturer’s protocol by
plating them at 3 to 5 x 10° cells/em® in mesenchymal stem cell
growth media (MSCGM, Biowhittaker). After approximately 5
days in culture, subconfluent cultures were trypsinized and split 1:3.
MSC were stored in liquid nitrogen until the day of the experiment.

Xenotransplantation of PBSC into mice

NOD/SCID mice, purchased from Jackson Laboratories (Bar
Harbor, ME, USA), were maintained in microisolator cages on
laminar flow racks in the animal facilities of Yale University and
Osiris Therapeutics. Mice were kept on sterile diets and were given
autoclaved acidified water. All animal experiments were approved
by the Animal Care Committee of Yale University School of Medi-
cine. Six- to eight-week-old mice received sublethal total-body
irradiation with 300 cGy from a '*’Cs source 4 to 6 hours before
transplantation. CD34% cells and MSC were thawed in a 37°C
water bath and counted. Cell viability after thawing was 90 to 98%
by trypan blue exclusion. CD34" cells were injected in a final
volume of 100 pL. IMDM containing 5% fetal bovine serum (FBS)
per mouse and MSC were injected in MSCGM at a final volume
of 400 pL per mouse. CD34% and MSC were infused simulta-
neously via tail vein injection. Thereafter, mice received
trimethoprime/sulfomethoxazole for the duration of the experiment.

Experimental design

In seven separate experiments, mice were assigned to receive either
CD34-selected PBSC alone (CD34* group) or PBSC plus MSC
(CD34/MSC group). The effect on engraftment of MSCs from
allogeneic vs autologous donors was compared in experiments 1 and
2. In subsequent experiments, only allogeneic MSC were used. In
two experiments, a third group of mice received only MSC. A
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one-tailed unpaired 7-test was used to compare groups with p < 0.05
considered statistically significant.

Analysis of human WBC engraftment

Blood was analyzed weekly for human WBC with the combination
of FITC-mouse anti-human CD45 and PE-rat anti-mouse CD45.
Mice were sacrificed 6 to 7 weeks posttransplant and cells from
the bone marrow (BM) and spleens were counted and then analyzed
by 3-color-flow cytometric analysis. Erythrocytes were lysed using
PharM Lyse (Pharmingen, San Diego, CA, USA). Cells were then
incubated with rat anti-mouse CD16 (Mouse Fc Block, Phar-
mingen) to block FeglI/IIIR-mediated nonspecific binding and were
subsequently incubated with the appropriate monoclonal
antibodies for 30 minutes at 4°C, washed, resuspended in 1% para-
formaldehyde in phosphate-buffered saline, and analyzed on a FAC-
SCalibur flow cytometer (Becton-Dickinson, San Jose, CA, USA).
In addition to isotypic controls, cells from a nontransplanted mouse
were stained with the same antibody combinations. All antibodies
were purchased from Pharmingen (San Diego, CA, USA). The
combination of FITC-anti-human CD45 and PE-anti-mouse CD45
was used to determine the ratio of human to mouse leukocytes.
For further clarification of human subpopulations, three antibody
panels were used: PeCy5-anti-human CD45, FITC-CD14, and PE-
CD13; PeCyS5-anti-human CD45, FITC-CD3, and PE-CD19; and
PeCyS5-anti-human CD45, FITC-CD33, and PE-CD34. PE-CyS5 is
a tandem conjugate which combines R-phycoerythrin (PE) and a
cyanine dye to boost (increase) the emitted fluorescence wavelength
to about 670 nm, thereby giving a signal distinct from fluorescein
isothiocyanate (FITC) or PE. The PE-CyS5 fluorochrome, like FITC,
is excited at 488 nm, so we used this conjugate in our FACScan
with these other compatible fluorochromes to give 3-color analysis
with asingle laser system. A live gate was used, excluding debris, red
cells, and dead cells, and 10,000 to 15,000 gated events were
collected for each sample. Mixtures of increasing percentages of
human cells with murine cells were used as positive controls. A
sample was counted as positive if more than 5 events showed
fluorescence greater than the 99% of the fluorescence of the isotypic
control. For a 1:1000 dilution of human cells in a population of
murine cells, the standard deviation was equal to 12% of the mean.

Analysis of human platelet engraftment

Blood was collected from the retroorbital venous plexus 3, 4, and
5 weeks posttransplant. We have shown previously that the highest
circulating human platelet levels are detected 3 weeks after trans-
plantation [37]. An aliquot of the blood was used for complete
blood counts and the numbers of human vs mouse platelets were
analyzed by FACS using FITC-mouse anti-human CD41a (Phar-
mingen, San Diego, CA, USA) and PE-rat anti-mouse CD61 (Pha-
rmingen) as previously described [37]. Nontransplanted animals
were used at each analysis point as an additional negative control.
To insure adequate sensitivity, 50,000 events were collected by
flow cytometry for each sample. Only FITC" events that had
a fluorescence intensity at least one log above background and con-
sisting of a well-defined population were considered positive for
human platelets.

Colony-forming unit megakaryocyte (CFU-Mk) assay

Bone marrow samples from each mouse were assessed for their
potential to grow human megakaryocytic colonies using the Mega-
Cult kit (Stem Cell Technologies, Vancouver, BC, Canada) ac-
cording to the manufacturer’s instructions. The CFU-Mk assay was

performed in experiments #2, 5, and 7. CFU-Mk were not detectable
in bone marrow from mice that had been sublethally irradiated
without subsequent administration of human PBSC.

Colony-forming cell (CFC) assay

Bone marrow cells from each mouse in experiments 3 through 7
were resuspended in IMDM/2% FBS, and, after lysing of the red
cells, were plated in methylcellulose-based media MethoCult GF
H4434 (Stem Cell Technologies, Vancouver, BC, Canada). Cells
were plated at a final concentration of 2 x 10° nucleated cells/30-
cm? dish, which was optimal for the detection of human colonies
while the growth of background mouse colonies was minimal.
Colonies (primarily human-derived, but with rare murine fibro-
blastoid colonies) were scored at day 16 under an inverted mi-
croscope. Although the murine-derived colonies were fibroblastoid
in appearance and relatively diffuse (i.e., not hematopoietic), for
each experiment the average number of colonies from nontrans-
planted mice was subtracted from the number of colonies found
in the experimental mice in order to negate the chance of false-
positive results.

Results

Comparison of allogeneic and autologous MSC

If cotransplantation of MSC is found to be advantageous
for patients undergoing autologous transplantation, then it
will be important to know whether the MSC must be derived
from the patient’s own marrow or could be derived from a
cell population that has been grown in vitro after donation
from a normal donor, which would allow for extensive test-
ing for quality control. In two separate experiments, donor
CD34-selected PBSC were cotransplanted with either allo-
geneic or autologous MSC prepared in an identical manner.
In this direct comparison, both populations of MSC equiva-
lently enhanced human cell engraftment (Fig. 1). The

Effect of Autologous vs Allogeneic MSC
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Figure 1. Both allogeneic and autologous MSC enhance human cell en-
graftment in NOD/SCID mice. Sublethally irradiated mice were trans-
planted with 0.4 x 10° CD34 + 1.0 x 10® autologous (auto) or allogeneic
(allo) MSC as indicated. Data shown in solid and dotted bars are from two
separate experiments. Shown is the mean = SD of the percentage of bone
marrow cells that expressed CD45 at the time of sacrifice 6-7 weeks
posttransplant. p = 0.03 for PBSC + auto MSC vs PBSC in exp. #l,
p =0.02 for PBSC + auto MSC vs PBSC in exp. #2, p = 0.02 for
PBSC + allo MSC vs PBSC in exp. #1, p = 0.01 for PBSC + allo MSC
vs PBSC in exp. #2.
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Table 1. Summary of human cell engraftment

Conditions Percent hCD45 in bone marrow
CD34 dose MSC dose CD34 only CD34 + allo MSC

Exp 1* 0.4 x 10° 1% 10° 0.7, 1.1, 4.4, 9.5 (4/4) 5.2, 11.1, 16.8, 25.9, 32.5 (5/5)
Exp 2% 0.4 x 10° 1x10° 0,0.1, 0.3, 1.8, (3/4) 1.3, 4.4, 5.0, 6.9, (4/4)
Exp 3* 0.4 x 10° 1% 10° 0.9, 0.8, 2.2 (3/3) 17,29, 3.1, 3.5, 5.1 (5/5)
Exp 4 0.5 % 10° 1x10° 0,0,0,0,0,0.67, 1.2 (2/7) 0,0, 0.2, 0.3, 1.8, 2.7 (4/6)
Exp 5% 0.5 % 10° 2% 10° 0,0,0,0, 0,0 (0/6) 0, 0.2, 0.45, 0.71, 1.0 (4/5)
Exp 6* 0.5 % 10° 2x10° 0.1, 0.4, 0.7 (3/3) 6, 6, 13 (3/3)
Exp 7 1.5% 10° 2x10° 0, 0.8, 1.5, 2.0, 2.1, 3.0, 3.4 (6/7) 0.2, 04,04, 0.6, 1.4, 1.8, 2.2, 15.8 (8/8)

*Indicates experiments in which the MSC gave a statistically significant increase in human cell engraftment (p < 0.05).
"In experiments 4 and 5, a third cohort of animals received MSC only and none of the animals showed any human engraftment. Data shown are for
each individual mouse. In parentheses is the number of mice with detectable human engraftment in the marrow over the number of animals transplanted

in each group.

increase in engraftment with autologous and allogeneic MSC
was significant compared with CD34" PBSC alone (p values
indicated in Fig. 1). There was not a significant difference
in enhancement of engraftment between autologous and allo-
geneic MSC in either experiment. These data suggest that
allogeneic MSC can be used to enhance engraftment if the
patient’s own MSC are believed to be contaminated with
tumor cells or if collection of these marrow cells is otherwise
contraindicated. For subsequent studies in this report, allo-
geneic MSC were used.

Effect of MSC on human white blood

cell engraftment in NOD/SCID chimeras

In a total of seven experiments including the two above, the
effect of MSC on human PBSC engraftment was assessed.
Different numbers of CD34-selected PBSC and MSC were
infused as indicated in Table 1. In experiments 1, 3, and 6,
all of the animals in both groups (with and without MSC)
engrafted, while in the other four experiments, the percent-
age of animals that had detectable levels of human WBC
engraftment was higher when MSC were cotransplanted
(Table 1). Human CD45% WBC were not detectable in suble-
thally irradiated mice that were transplanted with MSC only
(n = 6 from 2 separate MSC donors), nor in control mice
that received no human cells.

MSC significantly increased the level of human cell en-
graftment in the bone marrow (Table 1, Fig. 2). Enhancement
was most dramatic when a lower number of CD34™ cells was
infused along with a higher number of MSC. In experiments 1,
2,and 3, 0.4 X 10° CD34" PBSC were transplanted with or
without 1 x 10° MSC. With this ratio, the mice that received
MSC showed significantly enhanced engraftment in all three
experiments (p < 0.04, n = 3 to 5 per condition as shown
in Table 1). However, in experiment 4, in which 0.5 x 100
CD34" PBSC were cotransplanted with 1 x 10® MSC, there
was a small but not statistically significant increase in en-
graftment. In experiments 5 and 6, 0.5 x 10° PBSC were
again transplanted, but with a higher dose of MSC (2 x 10°

MSC), and a statistically significant increase (p < 0.01 in
each experiment) in engraftment occurred in both experi-
ments. Finally, when 2 x 10® MSC were cotransplanted with
a higher dose of CD34" PBSC (1.5 x 10°), no statistically
significant enhancement occurred. These data suggest that
cotransplantation of MSC can enhance engraftment when
only a low dose of CD34 cells is available.

Human WBC engraftment in the murine peripheral blood
was assessed in experiments 2, 5, and 7. As was observed for
the marrow engraftment, there was a statistically significant
increase in engraftment in the CD34/MSC group in experi-
ments 1 (p = 0.04) and 5 (p = 0.02) but not in experiment
7 (data not shown). The percentage of human CD45" cells
in blood was consistently lower than in bone marrow and
there was a strong correlation between the two parameters
(correlation coefficient = 0.81).

0.4 x 10°CD347 PBSC

g8 cp34atonly

2> Ml D347 plus MSC

Normalized increase in % CD45 cells in BM
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0.5 x 10°CD34% PBSC 15 x 10° Cp3at

1.0 x 10°MSC bl 2.0 x 10° MSC !

Figure 2. Allogeneic MSC enhance human cell engraftment in the bone
marrow. Shown is the mean=SD of the relative increase in the average per-
centage human CD45 cells in the bone marrow at the time of sacrifice.
For each experiment, the mean engraftment in the CD34-only group was
normalized to 1. The mean percentage engraftment in the CD34-only group
for experiments 1-7, respectively, were 3.9 * 4.0, 0.55 = 0.8, 1.3 = 0.8,
0.27 £0.5,0.0 £ 0.0,0.4 = 0.3, and 1.8 = 1.2. *indicates statistically sig-
nificant difference in engraftment between animals transplanted with CD34*
cells only and those transplanted with CD34" cells + MSC.
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Effect of MSC on human cell differentiation

In experiments 2, 5, and 7, flow cytometry was used to
assess whether cotransplantation of MSC affected the differ-
entiation profile of human leukocyte subpopulations after
transplantation (Fig. 3A—C). As in previous experiments
[37], when purified CD34" PBSC engraft in NOD/SCID
mice, the majority of the human cells are B lymphocytes
(Fig. 3C). The remaining human cells are CD34 " progenitor
cells, early CD33" myeloid cells (Fig. 3B), more mature
CDI13" myelocytic cells, and CD14" monocytic cells. T
lymphocytes are rarely detected (data not shown).

In contrast to engrafted mice that received only CD34 "
cells, mice that received CD34/MSC showed a statistically
significant shift of hematopoiesis towards the myelocytic
lineage (p < 0.05, Table 2). Taking all three experiments
together, in animals transplanted with CD34" cells only, 7
of 9 engrafted mice had a higher percentage of B lympho-
cytes than myeloid cells. The percentage of B and myeloid
cells in the CD34-only group was 51.5 = 18.5 and
33.0 £ 11.7, respectively (n = 9, p = 0.04). In contrast, in
animals from the CD34/MSC group, 14 of 16 engrafted
mice had a myeloid cell predominance with an average
percentage of B and myeloid cells of 24.4 = 15.2 and
59.7 = 13.5, respectively (n = 16, p < 0.01). Representa-
tive data are shown for the CD34 only and CD34/MSC
groups (Fig. 3A-C). The relative increase in myeloid cells
was primarily due to the presence of more early myeloid
CD33" and monocytic CD14" cells, and mature granulo-
cytes did not differ significantly between the groups. The
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Figure 3. MSC cotransplantation enhances myeloid differentiation. Shown
in A through C are representative FACS data from three mice in experiment
7, a control untransplanted mouse (left), a mouse with 2.1% human CD45"
cell engraftment from the CD34-only group (center) and a mouse with
15.8% human cell engraftment in the marrow from the CD34/MSC group
(right). (A): dotplots show human FITC-CD45 on the x-axis and mouse
PE-CD45 on the y-axis. Red blood cells in the lower left quadrant do not
express CD45. (B): dotplots show human PeCy5-CD45 on the x-axis vs
human FITC-CD33 on the y-axis. (C): human PeCy5-CD45 is on the x-
axis and human PE-CD19 is on the y-axis.

increase in myeloid cell engraftment when MSC were co-
transplanted was accompanied by an increase in the number
of myeloid colony-forming units (CFU-GM, CFU-G, and
CFU-M) in the bone marrow (data not shown). This differ-
ence was statistically significant for experiments 3, 5, and
6, but not for experiment 4 or 7, consistent with the other
parameters tested. (CFU analysis was not performed for ex-
periments 1 or 2.) For example, in experiment 5, the number
of myeloid CFU increased from 3.1 £ 5.6 in the CD34 group
to 11.5 = 8.2 (p = 0.04) in the CD34/MSC group. The
relative percentage of human CD34" progenitors did not
differ between animals transplanted with CD34 " cells alone
and those that received CD34/MSC (mean percentage:
6.6+x72, n=17 vs 93 =*=55 n=17, respectively,
p = 0.11).

Effect of MSC on human megakaryocytic

engraftment in the NOD/SCID chimeras

Evaluation of human megakaryocytic engraftment was per-
formed in experiments 2, 5, and 7 (Table 3). The peak level
of human platelets occurred 3 weeks posttransplant for
all positive mice and the highest percentage among all ex-
periments was 0.27%, which translated into 1.2 x 10°/L cir-
culating human platelets. In experiments 2 and 5, human
megakaryocytopoiesis was enhanced by the cotransplanta-
tion of MSC as assessed by both production of mature plate-
lets in the peripheral blood and growth of human CFU-Mk
from the marrow. In experiment 5, none of the 7 mice from
the CD34" group had human platelets in blood vs 3 of 5
animals from the CD34/MSC group. Similarly, none of
the animals transplanted with CD34% cells alone, and 3 of 5
mice in the CD34/MSC group, had human CFU-Mk. The
difference in absolute number of human platelets between
the two groups in experiments 2 and 5 was statistically
significant (Table 3), and there was a statistically significant
increase in the number of CFU-Mk in experiment 2. In
contrast, when a higher dose of CD34" cells was adminis-
tered (experiment 7), no statistically significant difference
occurred between the two groups. Both the percentage of
human platelets and the number of human megakaryocytic
colonies correlated with the level of human WBC en-
graftment in the bone marrow (r = 0.88 and 0.98, respec-
tively).

Discussion

We report that human MSC enhance human engraftment in
NODY/SCID mice after cotransplantation with human CD34*-
selected PBSC. This is the first report that human MSC
enhance human megakaryopoiesis and skew the differentia-
tion of the human engraftment cells toward the myeloid
series. The most striking enhancement of human engraftment
occurred when CD34™ cells were given at a limiting dose
(0.4 — 0.5 x 10%animal). When the CD34" cell dose was
increased to 1.5 x 10°, the enhancing effect of MSC was
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Table 2. Differentiation profile of human cells derived from murine bone marrow

CD34 + MSC

CD34" only

Expt. 2 BM % hCD45,p =0.01 0 0.1 0.3 1.8
Blymphocytes 50% 45% 2%
Myelocytic 43% 13% 21%
CD34" cells 10% 8% 6%

Expt. 5 BM % hCD45,p =0.01 0 0 0 0 0
Blymphocytes
Myelocytic
CD34™ cells

Expt. 7 BM % hCD45,p =0.01 0 0.8 1.5 2.0 2.1
Blymphocytes 69% 51% 10% 46%
Myelocytic 27%  34% 62% 35%
CD34" cells 19% 14% 16% 10%

1.3 4.4 5.0 6.9
18% 15% 10% 51%
47% 42%  62% 29%
7%  12% 8% 11%
0 0.2 0.45 0.71 1.0
14%  29% 14% 17%
60% 49% 78% 67%
10% 9% 10% 10%
34 0.2 0.4 0.4 0.6 1.4 1.8 22 158
56% 18%  26% 6% 30% 2% 22% 65% 33%
29% 70% 64% 81% 50% 56% 59% 37% 49%
10% 10% 7%  13% 20% 9% 12% 13% 17%

blunted. The enhancement of human hematopoiesis was more
pronounced when MSC were given at a dose of 2 x 10° cells/
animal compared to 1 x 10%. Although absolute engraftment
levels varied from experiment to experiment, they were
always higher in the CD34/MSC group within each experi-
ment. The difference in WBC engraftment was statistically
significant in favor of the CD34 + MSC group in 5 of 6
experiments where CD34 cells were given at a limited dose.
Even in experiment #4, where the difference was not
statistically significant, engraftment was higher in the
CD34 + MSC group, with 4 of 6 animals engrafting in this
latter group and only 2 of 7 mice engrafted in the CD34-only
group. The variability of engraftment between experiments
is a known characteristic of the NOD/SCID model. The
implication of this finding for the clinical transplantation
setting is that cotransplantation of MSC might provide
enhancement of engraftment and more efficient hematologic
recovery in patients for whom the dose of CD34*cells is
low or marginal.

Although it would mean exposure to allogeneic donor
antigens, allogeneic MSC cells can provide equal enhance-
ment of engraftment as autologous cells. Theoretically, allo-
geneic MSC could be produced and stored from healthy
donors for transplantation into any patient undergoing autol-
ogous or allogeneic transplantation. These cells could be
manufactured under optimal Good Manufacturing Practices
and quality control assays could be performed to assure the
safety and optimize the efficacy of the cells. In a clinical study,
promising results were obtained when autologous MSC were
given to breast cancer patients undergoing autologous PBSC
transplantation [36]. Engraftment in these patients was rapid
and sustained, indicating the safety of coadministering cul-
ture-expanded MSC. Further studies are ongoing to assess
whether administration of MSC results in clinical benefit.

This is the first report to date showing that cotransplanted
MSC shift the differentiation pattern from a lymphoid to a
myeloid predominance and enhance megakaryocytic en-
graftment. The myeloid-to-lymphoid ratio was enhanced

when MSC were cotransplanted even at low levels of en-
graftment, suggesting that this is an effect on the differentia-
tion profile of the human cells rather than on the absolute
number of human myeloid cells. The percentage of human
CD347 cells in the bone marrow was not affected, suggesting
that the shift in differentiation toward myeloid cells does
not deplete the pool of more immature hematopoietic pro-
genitors. These data contrast with those of Fibbe et al. [39],
who cotransplanted human fetal lung MSC with cord blood
and achieved an increase in the level and efficiency of en-
graftment, but not in the myeloid:lymphoid ratio. This differ-
ence could be due to their use of a different MSC source
or of a different hematopoietic cell source; cord blood is
known to have a different differentiation profile from PBSC
in the NOD/SCID transplantation model [39].

Because platelet recovery is delayed more often than
WBC recovery after stem cell transplantation, the finding
that both mature human circulating platelets and the mainte-
nance of megakaryocytic progenitors (CFU-Mk) in the
bone marrow were enhanced in the animals that received
MSC is likely to be clinically significant. In experiments
where megakaryocytic engraftment was assessed, animals
that received limiting doses of CD34" cells + MSC had
statistically higher human platelet and/or megakaryocytic
colonies than the animals that received CD34" cells only.
In contrast, this difference was not established when the
CD34™" cell dose was increased to 1.5 x 10° CD34" cells,
in accordance with the white blood cell engraftment. These
data also confirmed that human WBC and megakaryocytic
engraftment correlate closely. From our previous studies and
ongoing work (unpublished data), we have found that the
level of human myeloid/megakaryocytic engraftment in
the animals correlates with the time to engraftment in the
patients. Thus, we believe that the level of human en-
graftment in the chimeras reflects the capacity of the
human graft for rapid reconstitution, whereas the kinetics
of human engraftment in the NOD/SCID model are relatively
constant and do not reflect the rate of engraftment in the



Table 3. Summary of megakaryocytic engraftment

CD34/MSC

CD34" only

0.9

5.0
0.07

4.4
1440

1.3
0.02

648

1.8
0.03

584

0.3

0.1

0
0
0

BM % hCD45, p = 0.01

Expt. 2%

0.04

857

0.04
733

0.02
257

0.03
3.85

0.12

0.03
0.04

PB % Hu Plts, p =

PB, Plts/uL p

CFU-MK, p

BM % hCD45. p = 0.01

11

1.0
0.15

945

0.71
0.80

453

NE

0.45

0.2

0
0
0

Expt. 5%

0.27
1185

NE

= 0.06
0.04

PB % Hu Plts, p
PB, Plts/uL, p

CFU-Mk

0

NE

M. Angelopoulou et al./Experimental Hematology 31 (2003) 413—420 419

e
v
—

22

1.8
0.07

827

1.4
0.05

645

0.4 0.6

0.4

0.2

3.4
0.14

1634

3.0
0.06

2.1
688
NE

2.0
0.06

810

1.5
0.11

1349

0.8

0
0
0

BM % hCD45, p = 0.31

Expt. 7

0.25

2665

0.07
736

0.06
681

0.02
287

0.04
292

0.06
718

0.03
388

0.01

331

043
0.75

0.40

PB % Hu Plts, p
PB, Plts/uL, p
CFU-MK, p

143

10

Each number represents an individual value of engraftment in one mouse.

*There is a statistically significant (p < 0.05) difference between the CD34-only and CD34/MSC groups. The p values are indicated for individual parameters. BM, bone marrow; PB, peripheral

blood; Hu Plts, human platelets; hCD45, human CD45; NE, not evaluable. The CFU-Mk data are the number of human CFU-Mk per 10° marrow cells at the time of sacrifice.

clinical setting. Enhancement of platelet engraftment could
benefit patients by decreasing the risk of bleeding and
avoiding exposure to allogeneic platelet transfusions, which
can lead to platelet refractoriness and/or transfusion-trans-
mitted diseases.

The mechanisms responsible for enhancement of hemato-
poiesis by MSC are unknown. We speculate that MSC might
provide critical growth factors and/or adhesion receptors for
human cell development. Growth factors that are known to
be produced by human MSC include interleukin (IL)-6, IL-
11, leukemia inhibitory factor (LIF), stem cell factor (SCF),
and Flt3-ligand [11,12,31]. Alternatively, MSC may act non-
specifically to prevent human cell loss through the reticulo-
endothelial system. Others have shown that human bone
marrow engraftment in mice can be enhanced by different
accessory cell (AC) populations including irradiated mono-
nuclear cells [40]. Although these AC may produce cytok-
ines, the theory that their effect is nonspecific is strengthened
by the findings of Bittencourt et al., who show that cotrans-
plantation of apoptotic irradiated leukocytes significantly
enhances engraftment of human cells in mice [41]. Although
we did not assess the survival and location of the MSC
posttransplant, others have shown that MSC derived from
human fetal lung can be found in the lung for the first
48 hours after administration, but not in the bone marrow.
Several months following transplantation into NOD/SCID
mice, human fetal lung—derived MSC were not detectable
[42].

In conclusion, MSC capable of differentiating in vitro to
different mesenchymal tissues enhance human myelopoiesis
and megakaryocytopoiesis in vivo in NOD/SCID mice when
cotransplanted with CD34" PBSC. These findings suggest
that cotransplantation of MSC could enhance engraftment in
poorly mobilized patients who undergo autologous stem
cell transplantation.
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