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Abstract Non-adherent bone marrow-derived cells
(NA-BMCs) are a mixed cell population that can give rise to
multiple mesenchymal phenotypes and that facilitates
hematopoietic recovery. We characterized NA-BMCs by
flow cytometry, fibroblast colony-forming units (CFU-f),
real-time PCR, and in in vivo experiments. In comparison to
adherent cells, NA-BMCs expressed high levels of CD11b™
and CD90" within the CD45" cell fraction. CFU-f were
significantly declining over the cultivation period, but
NA-BMC:s were still able to form CFU-f after 5 days. Gene
expression analysis of allogeneic NA-BMCs compared
to bone marrow (BM) indicates that NA-BMCs contain
stromal, mesenchymal, endothelial cells and monocytes,
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but less osteoid, lymphoid, and erythroid cells, and hema-
topoietic stem cells. Histopathological data and analysis of
weight showed an excellent recovery and organ repair of
lethally irradiated mice after NA-BMC transplantation with
a normal composition of the BM.
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Abbreviations

NA-BMCs Non-adherent bone marrow-derived cells
CFU-f Fibroblast colony forming units

HSC Hematopoietic stem cells

TTG mice Triple trangenic mice

BMCs Bone marrow cells

HSCT Hematopoietic stem cell transplantation
GvHD Graft versus host disease

MSC Mesenchymal stem cells

Introduction

Non-adherent bone marrow-derived cells (NA-BMCs)
have been recently described as giving rise to multiple
mesenchymal phenotypes and as having an impact on
tissue regeneration. We have recently demonstrated that
transplantation of NA-BMCs can preserve lethally irradi-
ated mice from death. Despite first findings indicating
biological effects of transplanting such cells, their charac-
teristics have not yet been investigated in detail. NA-BMCs
are a mixed cell population. There is still a controversy
regarding the exact identity of the cells investigated [1].
We characterized them previously as a cell population that
is high for the expression of CD90" and CD11b* and low
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for expression of CD4%, CD8%, CD19" and CD117/
CD90""" cells [2]. It has been shown elsewhere that
NA-BMCs could differentiate into hematopoietic and
stromal cell lineages [3] and are also a major source for
adult stem cells [4]. The cells can transform into CFU-f in
vitro [5, 6] and, after in vivo transplantation, form skeletal
muscle [7] and bone [8].

In this work, we present detailed data regarding the
characterization of murine bone marrow (BM) cells and
NA-BMCs by flow cytometry, CFU-f and real-time PCR.
Additionally, the 4-day adherent cell fraction was analyzed
by flow cytometry. Furthermore, we characterize the
development of weight after allogeneic NA-BMCs in vivo
transplantation in lethally irradiated CD4—/— C57Bl/6
mice transgenic for human CD4 and HLA-DR3 (triple
transgenic mice, TTG) [9, 10] and the chimerism in com-
parison to allogeneic BM transplantation.

Further, we investigated cellular characteristics with
regard to mesenchymal cells (CD105, CD90), myeloid
cells (CD11b), adult hematopoietic stem cell progenitors
(CD117), progenitors of adult stem cells (CD133), B-cells
and T-cells (CD19, CD38), hematopoietic cells (CD34,
CD45), endothelial cells [EPC-R (CD201)], mastocytes
and erythrocytes (GATA-1, GATA-3), embryonic stem
cells (Nanog), osteoblasts (Osteocalcin), and immature
hematopoietic progenitor cells (Sca-1).

CD105 (Endoglin) is a component of T GF-f receptor
complex expressed on endothelial cells and subsets of
bone marrow cells (BMCs), and normally not present on
T- and B-cells [11, 12], and which has an important
function in angiogenesis [13]. CD11b leads to migration of
monocytes and neutrophiles and adherence to the endo-
thelia [14]. CD117 is a growth stem cell factor [15]
triggering hematopoiesis. CD133 positive fractions of
human bone marrow, cord blood and peripheral blood
have been shown to efficiently engraft in xenotransplan-
tation models, and have also been shown to contain the
majority of the granulocyte and macrophage precursors
[16, 17]. CD19 induces B-cell homing and B-cell apop-
tosis [18] and regulates B-cell differentiation. CD34
molecules have an impact on cell-cell adhesion [19, 20]
and could be involved in inhibition of hematopoietic dif-
ferentiation [21]. CD45 is involved in cell growth and
differentiation in hematopoietic cells [22], and CD90 also
regulates hematopoiesis, but could also play a role in
mesenchymal stem cell differentiation to osteoblasts [23].
CD38 is an activation marker and is also involved in cell
adhesion [24]. EPC-R (CD201) is expressed on endothelial
cells [25] and also on hematopoietic stem cells within the
BM, and plays a role in regulation of coagulation and
preventing tissue injury during inflammation [26]. GATA-1
is a transcription factor involved in generation of
erythrocytes [27]. GATA-3 regulates the T-cell-specific

induction of the T-cell receptor [28]. Nanog is a pluripo-
tence marker that is down-regulated in differentiation
processes [29]. Osteocalcin inhibits the mineralization of
bones [30]. Sca-1 is involved in HSC proliferation and
differentiation and must be down-regulated for the dif-
ferentiation of HSC into myeloid progenitor cells and must
remain present for their progression into the lymphoid
lineage [31, 32]. In this paper, we also determine the
expression of these markers in BM and compare them to
their expression in allogeneic NA-BMCs.

Materials and methods
Ethics statement

All mice were housed, treated or handled in accordance
with the guidelines of the Universitit Leipzig Animal Care
Committee and the Regional Board of Animal Care for
Leipzig (animal experiment registration number 24/06).

Animals

C57Bl/6 CD4 knockout mice transgenic for human CD4
and HLA-DR3 (TTG mice) were bred at the Animal
Facility at the University of Leipzig. The mouse strain was
maintained under standardized conditions. These mice
have a stable C57B1/6 background in which the murine
CD4 molecule is knocked out and replaced by human CD4.
The CD4 transgene includes its own promoter ligated to a
murine CD4 enhancer element thus leading to T-cell sub-
set-specific expression. CD8™ cells are not affected in TTG
mice. Furthermore, these mice express the HLA-DR3
molecule in addition to the murine MHC II complex. The
TTG mice have a complete functional murine immune
system which is modified with regard to CD4 and HLA-DR
[33]. The mice were fed ad libitum. As donors, C57Bl/6
and Balb/c mice were purchased from Charles River
(Sulzfeld, Germany; http://jaxmice.jax.org).

Culture of NA-BMCs derived from murine bone
marrow and preparation of BM and splenocytes

BMCs were obtained from tibiae and femora from C57B1/6
and Balb/c wild-type mice according to the method of
Dobson et al. [34], and expansion was started at a con-
centration of 2 x 10%55 cm? Petri dishes in 10 ml
Dulbecco’s modified Eagle’s minimal essential medium
(DMEM; Perbio, Bonn, Germany) modified as described
by others [1]. The medium was supplemented with 10%
fetal calf serum (FCS; Invitrogen, Karlsruhe, Germany)
and dexamethasone (10™® M). Murine splenocytes were
prepared as described elsewhere [35]. Aliquots of BMCs
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and NA-BMCs were cryopreserved at —80°C until

molecular analysis by real-time PCR.
Flow cytometry

Murine NA-BMCs and adherent cells were characterized.
For cytometric analysis, 2 x 10’ cells were incubated with
2.5 ul of conjugated monoclonal antibodies (CD45-PerCP,
CD117-APCCy7, CD90-PE, CDI11b-APCCy7 [BD Bio-
sciences, Heidelberg, Germany]). A 25-min incubation was
followed by two washing steps in PBS/1% FBS [1,250g,
5 min at room temperature (RT)]. Finally the pellet was
resuspended with 200 pl of PBS/3% formaldehyde (Merck,
Darmstadt, Germany). Data were acquired on a BD FAC-
SCantoll™ Flow Cytometer and analyzed using the BD
FACSDIVA™ software (both BD Biosciences, Heidel-
berg, Germany).

Differentiation of CFU-f in vitro

On days 0-5 of culture, the supernatant containing non-
adherent cells was harvested and 2 x 10° cells per 10-cm
Petri dish were seeded in duplicates in 10 ml supplemented
DMEM. From the fifth day on, the medium was changed
twice weekly. The colonies were inspected daily. These
cultures were stopped after 14 days by rinsing them once
with PBS, fixed with ethanol for 5 min and then washed
with tap water. Cells were stained using 1 mg/ml methy-
lene blue in 10 mM borate buffer, pH 8.8. The fibroblastic
colonies (CFU-f, formed of at least 20 cells) were counted
and photographed microscopically (CK30; Olympus,
Hamburg, Germany; original magnification x10).

RNA isolation and transcription, PCR for CD105,
CD117, CDI11b, CD133, CD19, CD34, CD38, CD45,
CD90, EPCR, GATA-1, GATA-3, Nanog, Osteocalcin,
and Sca-1 in BMCs and NA-BMCs

BMCs and NA-BMCs were thawed for RNA extraction.
Total RNA from cells was isolated using RNeasy® Mini
Kit (Qiagen, Hilden, Germany) following the manufac-
turer’s protocol. The RNA pellet was dissolved in RNase-
free H,O. The concentration of RNA was assessed with the
NanoDrop® Spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA) according to the manufacturer’s
instructions. Purified total RNA was reverse transcribed
into cDNA by incubation with Moloney Murine Leukemia
Virus reverse transcriptase (RevertAid H Minus M-MuLV,
200 U/ul; Fermentas, St. Leon-Rot, Germany), Olig(dT)
primers (0.5 pg/ul; Fermentas), 5x reaction buffer
(Fermentas) and 10 mM dNTPs for 5 min at 70°C, fol-
lowed by 5 min at 37°C and 1 h at 42°C. The cDNA was
stored at 20°C until PCR analysis. For the quantification of

expression of specific marker genes a real-time PCR (qRT-
PCR) was performed with Universal PlrobeLibary® (UPL)
probes. The probe design was done with the internet based
ProbeFinder software. PCR was carried out on a Light-
Cycler® 480 (Roche) using the LightCycler 480 Probes
Master Kit in a 20-pl reaction mix containing 5 pl of the
cDNA, 0,4 pl primer mix (20 uM; primer sequences are
given in Table 1), 0,2 pul ULP probe (10 uM), 4,4 ul water
and 10 pl LightCycler® 480 Probes Master 2x conc. After
this, the plates (LightCycler® 480 Multiwell Plate 96;
Roche Diagnostics) were covered with foil (LightCycler®
480 Sealing Foil; Roche Diagnostics) and centrifuged at
1,500g for 2 min. For analysis of relative gene expression
between BMCs (control) and NA-BMCs, aminolevulinic
acid synthase 1 (ALAS1) (5'-ccctecagecaatgagaa-3/, 5'-gtg
ccatctgggactcgt-3' probe 40) and porphobilinogen-deami-
nase (PBGD) (5'-tccctgaaggatgtgcctac-3' 5'- acaagggttttece
gtttg-3' probe 79) were used as housekeeping genes.
Amplification was subsequently performed by real-time
PCR using the following conditions: 10 min activation and
denaturation step at 95°C, followed by repetitive cycles
(50) of denaturation at 95°C (10 s), annealing at primer-
specific annealing temperature (30 s) and polymerization at
72°C (1 s). The analysis of relative gene expression was
done by using Light Cycler 480 Relative Quantification
Software and REST 2008 Software.

Cell transplantation

The NA-BMCs were transferred from one dish into a new
dish for 3 days and non-adherent cells were harvested at
day 4, washed in PBS and pelleted. After that, three wash
steps with normal saline (0.9% NaCl) followed. Murine
splenocytes were used freshly after preparation. Finally,
the cell concentration was adjusted to 2 x 10°-1 x 10’
cells per 150 pul of sterile 0.9% NaCl. For co-transplan-
tation experiments, 4 X 10° of allogeneic murine
splenocytes were added to 1 x 107 of allogeneic BMCs.
The grafts were subsequently injected intravenously within
the next 7 h into the lateral tail vein of lethally irradiated
recipient mice. Engraftment of cells was investigated for
50 days.

Immunohistology

Organs of mice were put in a stainless steel beaker (con-
taining 2-methylbutane; Carl Roth, Karlsruhe, Germany),
submerged in liquid nitrogen for 15 min and stored at
—80°C until ready for sectioning. Sectioning was done
using a Cryostat (Leica Biosystems, Nussloch, Germany);
objects were transferred onto a superfrost slide (Thermo
Scientific, Braunschweig, Germany) and stored immedi-
ately at —80°C until immunohistological analysis. The
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Table 1 Sequences of primers
used for the gene analysis of
NA-BMCs

CD105: probe 66
CD117: probe 15
CD11b: probe 16
CD133: probe 32
CD19: probe 2
CD34: probe 3
CD38: probe 99
CD45: probe 40
CD90: probe 19
EPCR: probe 34
GATA-1: probe 67
Nanog: probe 95
Osteocalcin: probe 79
Sca-1: probe 107

5'-aaatcccgttgeacttgg-3’
5'-gatctgctetgegtectgtt-3'
5'-aaggatgctggggaggte-3’
5'-ctgcgatagcatcagaccaa-3’
5'-aaggtcattgcaaggtcage-3’
5'-atgaaccgtcgeagttgg-3’
5'-aagatgttcaccctggagga-3’
5'-agttagtgaatggagaccaggaa-3’
5'-tcccatgagctccaataaaag-3'
5'-agcgcaaggagaacgtgt-3'
5'-gaatcctetgeatcaacaage-3'
5’-ttettgettacaagggtctge-3'
5’-gcectgagtetgacaaaggta-3’
5’-ccectacectgatggagtet-3'

5'-actcttggctgtecttggaa-3’
5'-cttgcagatggctgagacg-3’
5'-gtcataagtgacagtgctctggat-3'
5'-tatccactgatgggagctga-3’
5'-ctgggactatccatccacca-3’
5'-ccgtgtaataagggtettcacc-3’
5'-ctccaatgtgggcaagagac-3’
5'-tccataagtctgctttectteg-3’
5'-gaggagggagagggaaage-3’
5'-gggttcagagccctecte-3'
5'-gggcaagggttctgaggt-3’
5'-agaggaagggcgaggaga-3’
5'-ggtgatggccaagactaagg-3’
5'-tgttctttacttteettgtttgagaa-3’

object slides were incubated with 0.3% w/v H,O,, dis-
solved in PBS for 10 min in a wet chamber, and then
washed three times with PBS. Organs were treated with
10% w/v FBS in PBS for 60 min at RT, shortly washed
with PBS, incubated with avidin solution (Dako North
America, Carpinteria, USA) for 10 min and washed with
PBS. The preparations were incubated with biotin solution
(Dako North America) for 10 min, washed with PBS, and
incubated with the primary antibody (Rat Anti-Mouse CD4
IgG2ax; BD Biosciences, San Diego, USA) or isotype
control (Rat polyclonal Ig, BD Biosciences, San Diego,
USA), diluted 1:100, for 1 h at RT. Next, slides were
covered with a secondary antibody (Biotinylated Goat
Anti-Rat IgG2ax, BD Biosciences, San Diego, USA),
diluted 1:100, for 30 min at RT and washed 3 x with PBS.
The object slides were covered with Streptavidin-Horse-
radish Peroxidase (BD Biosciences, San Diego, USA) for
30 min and incubated with DAB dilution (BD Biosciences,
San Diego, USA) for 5 min until an obvious intensity of
color was achieved and then washed three times with
ddH,O. The samples were covered with Mayer’s hemalaun
solution (Merck, Darmstadt, Germany) for 1 min and then
washed with tap water for 10 min to visualize blue stain-
ing. The object slides passed through an ascending alcohol
series (40-100% w/v), were incubated with xylene (Carl
Roth) for 5 min and finally covered with Entellan (Merck).
Slides were analyzed under microscope (Zeiss, Axio,
Imager Al, objective lenses x20 EX Plan-Neofluar,
Axiocam MRcS5 Zeiss, AxioVision Release 4.6.3; Gottin-
gen, Germany).

Histology
Liver, bones and gut of all transgenic mice were analyzed

histologically. Organs were prepared immediately after
death and transferred into formalin (4% w/v; Merck) for

hematoxylin—eosin (HE) and kaoline-aniline-orange G
(KAO) staining. The formalin boxes were kept in the dark
to prevent formalin precipitation. Bones were incubated in
Osteosoft® for at least 7 days at room temperature. All
samples were flushed with tap water for 2 h and then
submerged in alcohol dilutions from 70 to 100% w/v for
9 h. The final incubation was with isopropanol (JT Baker,
Deventer, The Netherlands) for 1 h and overnight with
methylbenzoate (Riedel de-Héen, Seelze, Germany). After
that, the organs were embedded in paraffin for 3 days and
sliced (6 um). The slides were incubated twice with xylene
for 5 min at RT, passed through a descending alcohol
series (100-50% w/v), and finally transferred into ddH,O at
RT. Object slides were placed in Mayer’s hemalaun solu-
tion for 5 min and washed with tap water for 10 min to
reach a blue staining. After incubation with 1% w/v eosin
Y, the slides passed through an ascending (70-100% w/v)
alcohol series and were finally covered with Entellan
(Merck). The object slides were analyzed under the
microscope (Nikon, Eclipse TE2000-E x20, objective
lenses Plan Fluor x20/0.45 Ph1 DM o0/0-2 WD 7.4 Histo,
Software Nikon, LuciaG 5.00; Diisseldorf, Germany).
Bones were stained with KAO as described according to
Halmi—Konecny [48].

RNA isolation and transcription, PCR for murine CD4

The tissue samples that were dissected out were immedi-
ately preserved in RNAlater® (Ambion, Austin TX, USA)
until RNA extraction. Total RNA from animal tissues was
isolated using RNeasy® Mini Kit (Qiagen) following the
manufacturer’s protocol. The RNA pellet was dissolved in
RNase-free H,O. The concentration of RNA was assessed
with the NanoDrop® Spectrophotometer (NanoDrop
Technologies) according to the manufacturer’s instruc-
tions. Purified total RNA was reverse transcribed into
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cDNA by incubation with Moloney Murine Leukemia
Virus reverse transcriptase (RevertAid H Minus M-MuLV,
200 U/ul; Fermentas), Olig(dT) primers (0.5 pg/pl; Fer-
mentas), 5x reaction buffer (Fermentas) and 10 mM
dNTPs for 5 min at 70°C, followed by 5 min at 37°C and
1 h at 42°C. The cDNA was stored at 20°C until PCR
analysis. PCR was subsequently performed on a Roche
LightCycler (Roche, Grenzach-Wyhlen, Germany) using
the QuantiTect SYBR Green PCR Kit (Qiagen) in a 20 pl
reaction mix PCR containing 2 pl cDNA, 2 pl primer mix
(each 20 pmol), 6 pl water and QuantiTect SYBR Green
Master Mix. Total RNA input was 100 ng in each reaction
for all genes. Primer sequences for murine CD4 were
5'-TCC GGG TAC CAG CCT GTT-3' and 5-AGT GTC
ATG CCG AAC CAG-3'. Amplification was performed by
real-time PCR using the following conditions: 15 min
activation and denaturation at 95°C, followed by repetitive
cycles of denaturation at 95°C (15 s), annealing at primer-
specific annealing temperature (20 s), and polymerization
at 72°C (25 s). A melting curve of the PCR product was
obtained by heating to 70°C for 20 s, then increasing to
99°C at a rate of 0.1°C/s while recording SYBR green
fluorescence. The assay allows the determination of the
murine CD4 molecule in the range from 1072 to 10® cop-
ies/ul. Control was a pCR2.1 vector (Invitrogen) containing
the murine CD4 cDNA.

Statistical analysis

All data are presented as means £ SD. Statistic analysis
and graphic presentation were made using SigmaPlot 10.0/
SigmaStat 3.5 software (SYSTAT, Erkrath, Germany).

Results
Characterization of 4-day allogeneic adherent BMCs

For characterization of cell surface markers, NA-BMCs
and adherent cells were analyzed by flow cytometry for
CDI11b (myeloid cells), CD117 (murine hematopoietic
stem cells), CD31 (endothelial cells), and CD90 (mesen-
chymal cells, thymocytes) in the CD45" cell fraction.
Compared to NA-BMCs, the adherent cells showed lower
amounts of CDI11b- and CD90-expressing cells (Fig. 1).
The CDI11b expression in NA-BMCs was 41.0 £ 2.4, in
adherent cells was 13.7, of CD90 was 8.0 £+ 0.6-4.5, and
of CD117 was 0.013 + 0.011-0.

CFU-f characterization of BMCs and NA-BMCs

We analyzed the capacity of BMCs and NA-BMCs to form
colony forming units (CFU-f) during a culture period of

5 days. For Balb/c and C57B1/6 mice, the frequency of
fibroblastic colony forming units (CFU-f) per dish
(2 x 10° cells) was significantly declining over the culti-
vation period (P < 0.05; Fig. 2). We found that not only
total BMCs give rise to CFU-f, but also NA-BMCs
(Fig. 2a—e, shown for day 0—4).

Expression of CD105, CD117, CD11b, CD133, CD19,
CD34, CD38, CD45, CD90, EPCR, GATA-1, GATA-3,
Nanog, osteocalcin, and Sca-1 in BMCs and NA-BMCs

We determined gene expression of CDI105, CDI117,
CDl11b, CD133, CD19, CD34, CD38, CD45, CD90, EPCR,
GATA-1, GATA-3, Nanog, osteocalcin, and Sca-1 in
allogeneic NA-BMCs in relation to BMCs before alloge-
neic transplantation. BM-derived cells from Balb/c wild-
type mice were cultured for 4 days and analyzed by
quantitative polymerase chain reaction for markers of HSC,
MSC, B- and T-cells, macrophages, and differentiation
factors (CD117, CD133, CD34, EPC-R, Sca-1, CD90,
CD105, CD19, CD11b, CD38, Nanog, CD45, GATA-1,
GATA-3, and osteocalcin). In allogeneic NA-BMCs an up-
regulation of CD105, CD90, EPC-R, CD38, and GATA-1
could be observed compared to BM, whereas Nanog,
osteocalcin, CD19, GATA-3, CD117, and CD133 were
down regulated (Fig. 3).

Analysis of weight after transplantation of NA-BMCs

For investigation of weight and toxicity after transplanta-
tion of allogeneic NA-BMCs, triple transgenic mice
received either allogeneic NA-BMCs grafts containing
1 x 10°-2 x 10° NA-BMCs from Balb/c wild-type or
C57Bl/6 mice. These experiments were compared to
allogeneic BM transplantation using 2 x 10° cells.

In mice that had received 2 x 10° allogeneic NA-BMCs
and allogeneic BMCs, the surviving mice reached the
initial weight levels before transplantation. Dying mice,
which received no graft, 1 x 10% or 1 x 10° NA-BMCs
showed a loss of weight within the first 20 days after
transplantation (Fig. 4).

Also, for ethical reasons, we used a system to charac-
terize the clinical status (weight, mobility, texture of the
fur, attitude, skin appearance) as published by others [36]
for the characterization of animals after transplantation. In
dying animals, we observed loss of weight, reduced
mobility, shaggy fur, and kyphotic attitude. WBC count
remained low and time points of death were comparable
with the irradiation control groups. Surviving animals
showed no signs of graft versus host disease (GvHD) after
allogeneic BM transplantation using 2 x 10® BMCs or
co-transplantation of 1 x 10’ BMCs and 5 x 10° alloge-
neic splenocytes.
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Fig. 1 Comparative flow cytometric analysis of adherent cells and NA-BMCs after 4 days of cultivation (shown for Balb/c). Cells were gated for
CDA45 expression and co-expression of CD11b, CD90, and CD117 for adherent cells and NA-BMCs

Fig. 2 Colony-forming unit
assay (CFU-f) before
transplantation. NA-BMCs were
cultivated over 5 days and the
number of fibroblastic stem cell
colonies derived from these
cultures was measured (shown
for Balb/c and C57BI/6 mice).
Non-adherent BM cells 12 A
(NA-BMCs) form CFU-fs over
the cultivation period.
Representative methylene
bluestained cultures from mice
total BM cells from day 0-4
(colonies from non-adherent
supernatant cells in the first cells
that became adherent and
proliferated) and shown at x 10
of original magnification (a—e)

CFU-f per dish

0 1 2 =
Time [days]

Analysis of hematopoietic chimerism
after co-transplantation of allogeneic BM
and allogeneic splenocytes by flow cytometry

We wanted to investigate whether co-transplantation of
allogeneic BM and allogeneic splenocytes will lead to
engraftment in TTG mice and what kind of chimerism
will be detectable after transplantation to distinguish
these effects from transplantation of allogeneic NA-
BMCs.

day 0

Em C57BI/6 (n=5) '
1 Balb/c  (n=5) {

3 4 5 E

day 4

After co-transplantation of 1 x 107 allogeneic BM
and 5 x 10° allogeneic splenocytes, murine CD4, murine
Balb/c MHC (H2KY), and murine C57B1/6 MHC (H2K")
expression was detectable from day 19 until the end of the
experiment indicating an engraftment of transplanted cells
(Fig. Sa—). The CDS8 positive cells remained low after
transplantation and did not reach the initial level before
transplantation (Fig. 5d).

Interestingly, the recovery of endogenous HLA-DR and
human CD4 could not be observed after co-transplantation
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Fig. 3 Relative expression of CDI05, CDI117, CDI11b, CDI33,
CD19, CD34, CD38, CD45, CD90, EPCR, GATA-1, GATA-3, Nanog,
Osteocalcin, and Sca-1 in NA-BMCs. Gene expression was calculated
in relation to expression in bone marrow cells
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Fig. 4 Analysis of weight after irradiation, allogeneic transplanta-
tion. Transgenic mice (C57Bl/6 background) received allogeneic
NA-BMCs (1 x 10°-2 x 106), or allogeneic bone marrow cells
(2 x 10%). Absolute weight (in g) was measured daily

of allogeneic BM and allogeneic splenocytes indicating a
full donor engraftment (Fig. Se, f).

Analysis of hematopoietic chimerism

after transplantation of allogeneic and syngeneic
NA-BMCs by immunohistochemistry

and real-time PCR

Analysis of murine CD4 expression by immunohistochem-
istry and cDNA expression by real-time PCR were chosen as
a diagnostic marker for the engraftment of transplanted cells

and regeneration of organs damaged by irradiation. After
transplantation of allogeneic NA-BMCs, murine CD4 mol-
ecules in the gut were not detectable (Fig. 6a—f). The PCR
assay confirmed these results (Fig. 6g).

Organ recovery

The organ and tissue damage was analyzed in transplanted
and control mice after irradiation of 8 Gy. Fig. 7 shows the
histology of the bone marrow cavities, the gut systems and
the livers of irradiated control and transplanted mice. After
irradiation of 8 Gy, we found a reduced cellularity in the
bone marrow (<30%) and a replacement of BMCs by adi-
pose cells (Fig. 7a). The gut system showed lesions of the
mucosa (edematous with an inflammable cellular infiltra-
tion and ulcera; Fig. 7b). The lymphatic system was clearly
hyperplastic and expanded transmural cicatrices occurred.
Liver tissue was less sensitive to X-ray irradiation. We
found a fatty degeneration of the liver tissue and necrosis of
cells. Because of leukopenia, the cell density and the
decomposition of necrotic cells by leukocytes were low
(Fig. 7¢). After transplantation of allogeneic NA-BMCs and
allogeneic bone marrow cells, the bone marrow cavities
showed regeneration with a normal distribution of blood
cells in surviving mice (Fig. 7d, g). There was a recurrence
of islets with a prevalent form of erythropoiesis, endothelial
cells and reticulum cells. The gut system showed an intact
barrier and no signs of tissue destruction were visible
(Fig. 7e, h). Also, a regular structure of the liver could be
observed after transplantation (Fig. 7f, k).

Discussion

Hematopoietic stem cell transplantation is an effective
therapy approach for patients with hematological malig-
nancies. Despite its notable success, hematopoietic stem
cell transplantations (HSCT) are still hampered by a
number of life-threatening complications, for instance
GvHD [37], infectious diseases [38], or graft rejection [39].
These complications need the investigation of new sup-
portive stem cells or supportive cell types. Also, the use of
HSCT is under discussion for non-hematopoietic indica-
tions, as is the use of non-hematopoietic stem cells for
organ repair [40]. Therefore, we need stem cell types that
reduce GvHD activity by not ameliorating the graft versus
leukemia effect, which allow the reduction of irradiation or
conventional chemotherapeutic and immunosuppressive
drugs or for an earlier reconstitution of hematopoiesis.
Moreover, cell types would be beneficial that not only
support hematopoiesis but also have an organ repair
function as organs are probably damaged after chemo-
therapy, irradiation, GVHD, or infections.
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Fig. 7 Histological analysis by
kaolin-aniline-orange G (KAO)
staining of knee joints and
hematoxylin—eosin (HE)
staining for gut and liver from
control and transplanted triple
transgenic mice (staining day
50). Lethally irradiated mice
(a—c), allogeneic NA-BMC
transplanted mice (d-f), and
allogeneic bone marrow

Irradiation T
Control (8 Gy) ¥

transplanted mice (g-k). Shown Allogeneic

at x20 original magnification NA-BMCs
Allogeneic
BM cells

Supportive cell types are, for instance, mesenchymal
stem cells (MSC). MSC support hematopoiesis by pro-
viding growth factors and by reducing the GvHD activity
following transplantation [41]. These cells are also
immunosuppressive, can give rise to different mesenchy-
mal lineages [42], and are already used for treatment of
GvHD in clinical trials [43].

Also, regulatory T-cells that can modulate the immune
system [44] do not interfere with stem cell engraftment and
are able to facilitate hematopoietic recovery [45]. While
higher T-cell numbers are infused in peripheral blood stem
cell transplantation than in bone marrow transplantation, it
is possible that the reduced Treg content in grafts may
represent one factor contributing to the higher risk of GVHD
reported after transfer of peripheral blood stem cells [46].
Tregs are also used for treatment of human GvHD [47].

We have recently shown that NA-BMCs had an impact
in hematopoietic stem cell transplantation. NA-BMCs had
a shorter expansion time than MSC, could differentiate into
hematopoietic as well as stromal cell lineages, and were
also a major source for adult stem cells [3].

We have shown the regeneration of hematopoietic tis-
sue, the engraftment behavior, and the chimerism after
transplantation of allogeneic NA-BMCs in comparison to
transplantation of allogeneic BMCs and allogeneic
splenocytes.

For transplantation, we used the TTG transplantation
model as we have already described elsewhere [2]. These
mice have a stable C57B1/6 background in which the
murine CD4 molecule is knocked out and replaced by
human CD4 [9, 10]. Furthermore, these mice express the
HLA-DR3 molecule in addition to the murine MHC II

Knee joints Gut

(n=3)

complex. Therefore, the TTG transplantation model allows
the analysis of chimerism and the discrimination between
donor and host hematopoiesis in syngeneic and allogeneic
transplantation settings by the expression of murine or
human CD4 and HLA.

In order to characterize NA-BMC grafts, NA-BMCs
were cultured from BMCs by depletion of adherent cells
over a period of 5 days. The immunophenotype of NA-
BMCs was then compared to the depleted adherent cell
fraction harvested 4 days after cultivation.

The 4-day adherent cell fraction expresses low levels of
CDI11b*, CD90™, and CD117™" cells in comparison to the
non-adherent bone marrow cells. NA-BMCs are still a
mixed cell population containing cells that have charac-
teristics of mesenchymal stem cells and hematopoietic
stem cells.

The identification of a single cell population probably by
separation of the CD11b™ and CD90™ cells should be done
to investigate whether the transplantation effect can still be
maintained. Transplantation of the adherent cell fraction or
mesenchymal stem cells does not normally reconstitute the
hematopoietic system. Therefore, NA-BMCs are beneficial,
probably by combining mesenchymal and hematopoietic
characteristics. By analyzing the CD45 negative cell frac-
tion, we saw no differences in the expression of CD3™,
CD4%, CD8*', CD31%, and MHC-II (data not shown).
BMCs contain more CD117", CD11b™, and CD19™ cells
within the CD45-negative cell fraction. CD11b is a marker
normally expressed on NK cells, granulocytes, monocytes,
B- and T-cells, and myeloid cells. The function of CD11b
mediates the adherence to endothelium, and mediates che-
motaxis and apoptosis. We used CDI11b to distinguish
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between the non-adherent cell fraction and the adherent cell
fraction.

It appears that the NA-BMC population is a mixture of
hematopoietic cells (including progenitors) and bone mar-
row stromal cells (including cells with MSC activity). It
would be of interest to purify the NA-BMCs to identify a
single cell clone. However, it is possible that removing
cells from NA-BMCs will lead to a loss of the observed
function. The CD45-negative and -positive populations
should be investigated for other marker expression. Fur-
thermore, these non-adherent cell populations should be
analyzed separately with regard to the MSC potential.

Because NA-BMCs are a mixed cell population
containing more maturated cells compared to BM, we
characterized them with regard to expression of different
cell markers by real-time PCR. The gene expression of
murine BM-derived NA-BMCs was characterized before
allogeneic transplantation. Allogeneic and NA-BMCs were
analyzed for markers of HSC, MSC, B- and T-cells, mac-
rophages, and differentiation factors (CD117, CDI133,
CD34, EPC-R, Sca-1, CD90, CD105, CD19, CDl1Ib,
CD38, Nanog, CD45, GATA-1, GATA-3, and osteocalcin).
We showed that, in allogeneic NA-BMCs, an up-regulation
of CD105, CD90, EPC-R, CD38, and GATA-1 could be
observed compared to allogeneic bone marrow, whereas
Nanog, osteocalcin, CD19, GATA-3, CD117, and CD133
were down-regulated indicating that NA-BMCs contain
more stromal, mesenchymal and endothelial cells and
monocytes, but fewer osteoid, lymphoid and erythroid
cells, as well as hematopoietic cells, compared to alloge-
neic bone marrow.

Next, we wanted to characterize the potential to form
CFU-f of allogeneic and syngeneic NA-BMCs after culti-
vation. We showed that the adherent cells derived from
NA-BMCs are able to form CFU-f over the cultivation
period. However, we saw less CFU-f after cultivation
which was probably due to the cell amount taken in the
CFU-f assays. Nevertheless, the CFU-f assays showed the
potential of NA-BMCs to differentiate into mesenchymal
lineages which is also described by others [5-8].

We investigated the murine CD4 expression in the gut of
transplanted TTG mice by immunohistochemistry and real-
time PCR and showed that allogeneic NA-BMCs did not
lead to engraftment and that only host hematopoiesis was
supported. To confirm our hypothesis that NA-BMCs have
an organ repair effect, cell tracking of NA-BMCs should be
done to clarify the organ distribution after transplantation.

Interestingly, transplantation of allogeneic and synge-
neic BMCs did not lead to a recovery of the endogenous
hematopoiesis in TTG mice, confirmed by human CD4
and HLA-DR3. This was in contrast to NA-BMC trans-
plantation and supports the hypotheses that NA-BMCs
contain cells that were able to trigger the endogenous

hematopoiesis. The factor that triggers the endogenous
hematopoiesis should be investigated. Factors like CFU-f
or other colony stimulating factors are possible.

Next, we analyzed the body weight of TTG mice after
transplantation of allogeneic bone marrow and allogeneic
NA-BMCs. Body weight could be used as a clinical sign of
recovery of transplanted mice, because graft failure or
GvHD are normally linked with a severe weight loss after
transplantation [36]. We never saw signs of GVvHD in dying
animals because death was due to hematopoietic failure.
However, challenge experiments by addition of allogeneic
spleen cells to allogeneic bone marrow and allogeneic
NA-BMCs should be done to investigate the prevention or
treatment of GVHD in this model.

Histopathological examination of the bone marrow
showed a regular form of erythropoiesis and a normal
structure of the organs compared to the irradiation controls
or animals transplanted with low amounts of allogeneic
bone marrow or allogeneic NA-BMCs, indicating a low
toxicity and a good regeneration of hematopoietic tissue
and organs after transplantation. Histopathological analysis
is also a well-established clinical method to investigate the
transplantation effect and the disease status after chemo-
therapy and transplantation.

In this study, we analyzed the cell surface markers and
the gene expression of different cell markers of allogeneic
NA-BMCs after 4-day cultivation, the capacity of
NA-BMC:s to form colony-forming units, the toxicity effect
after transplantation in TTG mice by analyzing the body
weight and by histological analysis of organs, and the
development of chimerism after allogeneic transplantation.
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