
Summary. Scant knowledge exists concerning lineage-
restricted mixed chimerism (mCh) after allogeneic
peripheral blood stem cell transplantation (PSCT) in
patients with chronic idiopathic myelofibrosis (CIMF).
Following a sex-mismatched PSCT, a combined
immunopheno- and genotyping by fluorescence in-situ
hybridization (FISH) was performed on sequential bone
marrow (BM) biopsies at standardized intervals. Results
were compared with PCR analysis of corresponding
peripheral blood samples in five patients. According to
FISH, pretransplant specimens revealed a gender
congruence of more than 99%, while in the first three
months the total BM exhibited a persistent fraction of
host cells (30% to 40%) with a tendency to decline after
about one year. It is noteworthy that the majority of
endothelial cells maintained a recipient origin, whereas
CD34+ progenitors and especially CD61+ mega-
karyocytes exhibited only very few host-derived cells. In
keeping with the prevalence of donor cells in the
hematopoietic compartment, PCR analysis of peripheral
blood cells displayed a non-significant degree of mCh.

In conclusion, according to FISH and PCR analysis,
successful PSCT in CIMF results in an almost complete
chimeric (donor-derived) state of the hematopoietic cell
population. The non-transplantable stromal compartment
includes the vascular endothelium with a predominance
of recipient cells. The minimal mCh of this population
implies probably a donor-derived origin (endothelial
progenitor cells).
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Introduction

In chronic idiopathic myelofibrosis (CIMF)
relatively little information exists regarding mixed
chimerism (mCh) following allogeneic bone marrow
(BM) or stem cell transplantation (Deeg et al., 2003;
Rondelli et al., 2005). A characteristic feature of
histopathology in this disorder is the fibrous matrix of
the BM that usually includes prominent vessels (Thiele
et al., 2001). On the other hand, as has been repeatedly
demonstrated, fibroblasts are no part of the
leukemogenic (clonally transformed) process underlying
the myeloproliferative disorders (Greenberg et al., 1978;
Golde et al., 1980; O'Brien et al., 1988). However,
controversy continues about the donor or host (recipient)
origin of stroma constituents following myeloablative
therapy and subsequent transplantation (Simmons et al.,
1987; Athanasou et al., 1990; Agematsu and Nakahori,
1991; Santucci et al., 1992). It has been argued that
engraftment of BM stroma cell precursors does not occur
and that host stromal cells survive the various
conditioning regimens applied before transplantation
procedures (Athanasou et al., 1990). In this context,
angiogenesis in CIMF is of special interest not only for
its relationship with the progression of myelofibrosis
(Reilly et al., 1985; Thiele et al., 1992; Kvasnicka and
Thiele, 2004), but for its crucial role concerning
restitution and maintenance of hematopoiesis (Davis et
al., 1995; Rafii et al., 1995; Shalaby et al., 1995). A
wealth of data has been accumulated concerning the
functional properties of vascular structures, in particular
the endothelial cells that serve as gatekeepers by
controlling the trafficking and homing of progenitors
(Simmons et al., 1992; Mohle et al., 1999). For this
reason, a study was performed on gender-related mCh
involving patients with CIMF in the early and late
posttransplant period. Analysis included peripheral
blood cells determined by the polymerase chain reaction
(PCR) technique in comparison with the lineage
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restricted chimeric state of CD34+ endothelial and
progenitor cells as well as megakaryocytes by using the
fluorescence in-situ hybridization (FISH) method. 

Material and methods

Patients

A total of five patients (four men, one woman; age
45 years) with CIMF and a sex-mismatched
transplantation constellation were enrolled into this
study. All patients had a history of various therapeutic
regimens including hydroxyurea, busulfan as well as
radiation or a combination of these. Following dose-
reduced myeloablative therapy that has been described
in detail in previous studies (Kröger et al., 2005; van
Besien and Deeg, 2005), patients received a peripheral
blood stem cell transplantation (PSCT) with a median
number of transplanted CD34+ progenitors of 8x106 per
kg body weight (range 0.9-15.6) derived either from
HLA-identical siblings or matched unrelated donors.
Further information of this cohort which was derived
from a larger prospective and clinically controlled trial
have already been reported (Kröger et al., 2005).
Explicit approval of this study was obtained from the
Institutional Review Board on Medical Ethics at Essen
University Hospital.

Bone marrow biopsies

Representative BM trephine biopsies (mean size
17.5±1.8 mm2) were performed at standardized intervals
from the posterior iliac crest. The fixation of samples
was carried out in a low-concentrated phosphate-
buffered formalin solution for 12-48 hours. Further
processing included decalcification for 3-4 days in 10%
buffered ethylene-diamine tetra-acetic acid (EDTA), pH
7.2, paraffin wax embedding, and employment of several
staining techniques, involving Giemsa, PAS (periodic
acid Schiff reagnet), naphthol-AS-D-chloroacetate
esterase, Perls' reaction for iron and a silver
impregnation method (Gomori's technique).

Simultaneous immunostaining and dual color FISH

For a simultaneous immunophenotypic and
genotypic evaluation, 4 µm paraffin-embedded sections
were dewaxed through xylene, air-dried, microwave-
heated in an appropriate buffer (100mM Tris/50mM
EDTA, pH 7.0) for 4 min, cooled down and rinsed twice
in Tris (HCI/0.05% Tween 20 buffer, pH 7.6) at 4°C.
Subsequently, to detect progenitor cells and endothelial
cells immunostaining with CD34+ (Soligo et al., 1991)
was performed and to identify megakaryopoiesis CD61+
(Gatter et al., 1988) monoclonal antibodies were applied
by using the APAAP method (Cordell et al., 1984). 5-
Bromo-4-chloro-3-indolyl-phosphatase (BCIP) and
nitroblue tetrazolium (NBT; Sigma, Deisenhofen,
Germany) were used as chomogenic substances. Tissue

sections were dehydrated through graded ethanol
solutions (70%, 90% and 100%), air-dried and
permeabilized by microwave treatment, followed by
0.25 mg/ml proteinase K digestion (Sigma) for 3 min at
37°C before hybridization (Bull and Harnden, 1999).
After this procedure, the slides were quickly transferred
to 70% ethanol at 4°C, dehydrated in 100% ethanol and
then air-dried. A 10-µl aliquot of a directly conjugated
satellite probe mix for chromosomes x and y (CEP X
Spectrum Orange/CEP Y Spectrum Green DNA Probe
Kit or CEP X Spectrum Green/CEP Y Spectrum Orange
DNA Probe Kit, respectively; Vysis, Bergisch Gladbach,
Germany) was placed on a coverslip, picked up onto the
slide and incubated at 73°C for 5 min on a hot plate.
Because green fluorescence is more conspicuous than a
red signal, following a pilot study (Table 1),
correspondingly mismatched probes for the x- and y-
chromosomes (green versus red signals) were also
applied. After denaturation, the slides were quickly
brought to 37°C, sealed with rubber cement, and then
placed in a humidified box for 16 h at 42°C. Coverslips
were removed, and slides were placed in wash buffer
(0.4xSSC) at 73°C for 2 min, immersed in 2xSSC/0.01%
NP 40 at room temperature for 1 min and then air-dried,
before mounting in 0.125Fg DAPI/ml Antifade (DAPI
II; Vysis). The slides were evaluated with an Aristoplan®

microscope (Leitz, Wetzlar, Germany) equipped with an
optimized triple bandpass filter and imaged with a digital
camera (Photometrics SenSys; Tucson, Ari., USA) and
appropriate software (IPLab Spectrum P, Vienna, Va.,
USA). Accordingly, positive (red: x-chromosome and
green: y-chromosome signals) signals were
differentiated following DNA hybridization (sex typing)
at the various endpoint intervals of pre- and
posttransplant examinations (sequential biopsies) by
counting explicitly only those cells containing two
marked signals. 

PCR analysis

Real-time quantitative PCR for the detection of the
y-chromosome was performed on peripheral blood cells
by following methods that were formerly described
(Fehse et al., 2001). According to this technique,
sensitivity was very high to identify male cells present in
very low proportions (i.e. 1 male in 106 female cells)
(Fehse et al., 2001).

Results

Immunophenotyping of CD34+ endothelial cells,
progenitors and CD61+ megakaryocytes revealed a
distinctive staining pattern which was a basic mean for
further FISH analysis. Thus, dual color FISH with a
simultaneous demonstration of proper signals visualizing
the x- and y-chromosomes was easily accomplished
(Fig. 1a-h). A pilot study in a female patient with CIMF
that received an allogeneic PSCT from a male donor
showed a strikingly variable extent of mCh in the
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different cell populations and also during the
posttransplant period (Table 1). A total congruence with
the female gender of this patient was shown in the 120
cells evaluated in the pretransplant specimen. On the
other hand, in the early posttransplant period (up to
about three months), about one third of all evaluated BM
cells still displayed a host-derived sextyping that
significantly declined in quantity after one year. A very
different constellation was found in the vascular
endothelium, where less than 10% of cells exhibited a
donor origin. In contrast to the stroma cell compartment
and the total cell count hematopoiesis, i.e. CD34+
progenitors and CD61+ megakaryocytes that include
also precursors, showed an only minor fraction (less than
10%) of residual host-derived cells. 

On the other hand, PCR analysis of peripheral blood
cells exhibited a percentage of recipient cells ranging
between 0% and1% at the corresponding checkpoints of
the early and late posttransplant period, corresponding
with an almost complete chimeric state. 

Following this preliminary investigation which
clearly demonstrated a strikingly expressed discrepancy
of mCh, we analyzed a significantly larger number of
cells in four male patients with CIMF and a gender-
mismatched graft constellation after PSCT (Table 2).
Here, first of all, the sensitivity of our FISH method
according to gender congruence was established to
exceed 99%. The total cell count, including
hematopoietic as well as stroma cells, revealed a
persistent host origin ranging between 30% to 40% with
a tendency to decrease after about one year (Table 2).
Again, the vast majority of endothelial cells maintained
a recipient type with only very few samples apparently
generated from the donor (Fig. 1a,b). This incidence
differed significantly when studying CD34+ progenitor
cells (Fig. 1c,d) and megakaryopoiesis including
precursors, i.e. CD61+ immature micromegakaryocytes
(Fig. 1e,f) as well as mature megakaryocytes (Fig. 1g,h).
In the hematopoietic cell compartment the situation was
reversed, with less than 10% of host-derived cells in the
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Fig. 1. Sex-genotyping of endothelial cells and hematopoiesis in the bone marrow after PSCT in patients with CIMF. Immunophenotyping of the
different cells is shown in the left panel and FISH analysis (right panel) reveals either red signals (x-chromosomes) or green signals (y-chromosomes)
indicating mCh. a. CD34+ Endothelial lining of a vascular lumen (L) is surrounded by hematopoietic cells in a female host. A donor origin (b) is
displayed in two endothelial cells (arrows) and a maintained recipient genotype in a hematopoietic cell (arrow head). c. CD34+ progenitor cell in a
female host (arrow) revealing a still persistent recipient genotype (arrow) after transplantation. d. Immature CD61+ megakaryocyte precursor in a male
patient (e) demonstrates (arrow) a host origin (f), in contrast to a large hyperlobulated mature megakaryocyte (g) showing (arrow) a female donor
genotype (h). a-d, x 870; e-h, x 1,500

Table 1. Female patient with a sex-mismatched (donor male) graft constellation following allogeneic peripheral blood stem cell transplantation (PSCT)
for chronic idiopathic myelofibrosis - pilot study with relative incidence (%) of sextyping based on the evaluation of at least 100 (up to 600) bone marrow
(BM) cells in each category.

Endpoint (day) All BM cells CD34+ progenitor cells CD61+ megakaryocytes Endothelial cells

xy xx xy xx xy xx xy xx

Before PSCT 190 0 100 0 100 0 100 0 100

After PSCT 20 74 26 100 0 100 0 7 93
81 69 31 92 8 100 0 5 95

290 83 17 91 9 100 0 7 93
376 88 12 94 6 97 3 10 90

Table 2. Relative incidence (%) of mixed chimerism and evaluated number (No.) of cells at each checkpoint in the bone marrow (BM) following sex-
mismatched allogeneic peripheral stem cell transplantation (PSCT) in four men with chronic idiopathic myelofibrosis (gender-graft constellation: host
male - donor female).

Endpoint (ranges, days) All BM cells CD34+ progenitor cells CD61+ megakaryocytes Endothelial cells

No. xx xy No. xx xy No. xx xy No. xx xy

Before PSCT 6-40 601 3 997 92 0 100 174 0 100 129 0 100

After PSCT 20-50 363 60 40 61 95 5 118 100 0 93 5 95
80-200 380 64 36 77 95 5 94 98 2 99 6 94
300-400 507 67 33 58 90 10 82 99 1 66 2 98



primitive precursor cell population and only single
recipient cells in the more differentiated
megakaryopoietic lineage (Table 2). Relating this very
low frequency to the corresponding data of the evaluable
total cell count, it is reasonable to assume that the
majority of maintained host cells in the posttransplant
period belong to the stromal compartment.

In keeping with the prevalence of complete donor
chimerisms in the hematopoietic cell population
(progenitors, megakaryocytes) PCR analysis performed
exactly at the same checkpoints revealed an incidence of
mCh ranging between 0% to 6%. 

Discussion

Following a gender-mismatched transplantation,
concurrent characterization of genotype and cell lineage
provides a suitable means for the identification of
chimeric states and thus, the host/donor origin of a
certain cell population (Thiede et al., 2004). Although a
number of techniques are currently available to
document definitely donor cell engraftment and residual
host cells, PCR and FISH are the most popular methods.
It is well known that PCR analysis yields results readily
and in a short time, and is certainly the more sensitive
technique, because it allows the detection of one
abnormal cell in 106 cells (Fehse et al., 2001; Alizadeh
et al., 2002; Thiede et al., 2004). However, a significant
disadvantage is that in CIMF related to BM fibrosis (dry
tap) this method is usually applied on peripheral blood
cells and that no characterization of lineage-restricted
mCh is possible. This shortcoming precludes, among
others, the labeling of endothelial cells and the
recognition of their chimeric state indicating their
CD34+ progenitor cell origin (Gehling et al., 2000). In
contrast, FISH allows the identification of mCh in single
immunophenotyped cells (Kvasnicka et al., 2003). On
the other hand, this technique may lead to false-positive
and false-negative results ranging between 0.2% and up
to 4.0% based on results gained from smears or diluted
cell preparations (Koegler et al., 1995; Rondon et al.,
1997). Moreover, the results of FISH analysis (Rondon
et al., 1997; Smith et al., 1999; Tamura et al., 2000) have
to be discussed very critically (Kvasnicka et al., 2003),
especially in cases where the investigators restrict their
evaluations only on the identification of the Y-
chromosome (Mackinnon et al., 1994). We would like to
pinpoint that our applied dual-colored sextyping analysis
failed to reveal any relevant discrepancies (false positive
signals 0.3%) between gender and positive labeling in
the pretransplant specimens (Tables 1, 2). Finally, it has
to be emphasized that the methodology of
transplantation exerts a significant impact on the extent
of mCh (Elmaagacli et al., 2001), and therefore only
results derived from series with corresponding
therapeutic strategies, especially including conditioning
regimens, are comparable. 

The labeling of peripheral blood cells and
genotyping by FISH has been repeatedly performed to

monitor mCh in CML patients (Smith et al., 1999;
Tamura et al., 2000) and posttransplantation donor-
recipient constellations were assessed by means of DNA
microsatellite analysis (Thiede et al., 1999) in CIMF
(Deeg et al., 2003; Rondelli et al., 2005). In CML the
presence of a small amount of host-derived (clonally
transformed) CD34+ progenitors that significantly
exceeded the more differentiated cell lineages like the
megakaryopoiesis, stimulated a discussion about so-
called tumor dormancy even in patients after successful
transplantations (Uhr et al., 1997; Holyoake et al., 1999).
Some data indicate that in CML patients with a complete
cytogenetic remission, a minority of bcr/abl+ cells were
maintained (Chomel et al., 2000; Kitzis et al., 2001). It is
tempting to speculate that these clonally transformed
progenitor cells may possibly be the source of a later
relapse and presumably may also differentiate into
endothelial cells. This complex, until now ill-defined,
pathomechanism determining the oncogenic potential of
hematopoietic progenitors is probably governed by a
variety of mediators, such as specific immune response
(Oka et al., 1998). When compared with the relevant
data on the CD34+ progenitor cell compartment (Table
2) results gained from this study were consistent with a
significantly lower incidence of persistent host-derived
megakaryocytes that nearly reached the methodological
limit (White and Sweeney, 1993; Koegler et al., 1995;
Rondon et al., 1997). This striking quantitative
difference points towards a minor degree or almost
complete mCh in the more differentiated hematopoietic
cell lineages, while a very small amount of the primitive
cell population still harbors a clonally transformed
(leukemogenic) fraction as a possible source of relapse.

By using long-term cell culture techniques and
genotyping with x- and y-specific probes, a host
(recipient) origin of BM fibroblasts has been reported
after allogeneic BM transplantation (Simmons et al.,
1987; Athanasou et al., 1990; Agematsu and Nakahori,
1991; Santucci et al., 1992). These findings supported
the argument of a non-transplantability of stroma cells
even in patients with a maintained hematopoietic
reconstitution (Agematsu and Nakahori, 1991; Santucci
et al., 1992). In CIMF with a prevalent fibrous matrix,
the discrepancy between the extent of mCh concerning
the quantity of analyzed cells derived from the
peripheral blood (PCR analysis) versus all BM cells that
definitely included a significant proportion of stroma
cells (FISH analysis), are generally in keeping with this
finding. It is reasonable to assume that a leukemic
relapse will initiate in the BM and therefore the very first
stages of transformation are hardly detectable by
performing PCR on peripheral blood cells, at least in
CIMF. 

Regarding the stroma compartment, the vascular
structures have to be discriminated. With the exception
of the sinusoids, these are usually composed of at least
two components of different origin, i.e. the endothelium
and the cells of the larger vessel walls (i.e.
myofibroblasts, adventitial cells of the capillaries and
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arterioles). Following BM transplantation in CML, only
a fraction of endothelial cells was demonstrated to be
host-derived (bcr/abl+) and maintained, even after more
than one year (Kvasnicka et al., 2003). Regarding this
point, a conflict of opinion exists, because another group
applying also the FISH method identified this cell
population as being totally of host origin (Athanasou et
al., 1990). In contrast, the results of several authors on
the CD34+ progenitor origin of endothelial cells
provided persuasive evidence that this peculiar cell
compartment is not only the source of hematopoiesis,
but plays a pivotal role in angiogenesis (Asahara et al.,
1997; Choi et al., 1998; Gehling et al., 2000; Gunsilius
et al., 2000). For this reason, as shown in this study, a
minor degree of mCh has to be expected following
transplantation procedures. All these results are in
keeping with the finding of a certain, although small,
quantity of donor-derived endothelial cells in the BM
after transplantation (Gehling et al., 2000; Gunsilius et
al., 2000; Kvasnicka et al., 2003) contrasting with the
host origin of the myofibroblasts of the larger vessel
walls (Kvasnicka et al., 2003). Moreover, convincing
data have been recently accumulated supporting this
concept that even in adult life so-called hemangioblasts
or endothelial precursor cells of the peripheral blood are
present, and contribute to the formation of new blood
vessels (Shi et al., 1998; Hristov and Weber, 2004;
Iwami et al., 2004; Schatteman, 2004; Murasawa and
Asahara, 2005). Therefore, it is reasonable to assume
that the minor mCh of the endothalial layer may
probably derive from transplanted donor endothelial
progenitor cells. 

In conclusion, contrasting PCR on peripheral blood
cells, FISH analysis of the BM reveals a striking
quantity of mCh in the stroma compartment that survives
conditioning. In this context, only a small amount of
donor-derived endothelial cells is recognizable, while the
chimeric state of the engrafted hematopoietic cell
population is almost complete (less than 10%).

Acknowledgements. Supported by a grant from the Dr. Mildred Scheel
Foundation for Cancer Research (#106324).

References

Agematsu K. and Nakahori Y. (1991). Recipient origin of bone marrow-
derived fibroblastic stromal cells during all periods following bone
marrow transplantation in humans. Br. J. Haematol. 79, 359-365.

Alizadeh M., Bernard M., Danic B., Dauriac C., Birebent B., Lapart C.,
Lamy T., Le Prise P.Y., Beauplet A., Bories D., Semana G. and
Quelvennec E. (2002). Quantitative assessment of hematopoietic
chimerism after bone marrow transplantation by real-t ime
quantitative polymerase chain reaction. Blood 99, 4618-4625.

Asahara T., Murohara T., Sullivan A., Silver M., van der Zee R., Li T.,
Witzenbichler B., Schatteman G. and Isner J.M. (1997). Isolation of
putative progenitor endothelial cells for angiogenesis. Science 275,
964-967.

Athanasou N.A., Quinn J., Brenner M.K., Prentice H.G., Graham A.,

Taylor S., Flannery D. and McGee J.O. (1990). Origin of marrow
stromal cells and haemopoietic chimaerism following bone marrow
transplantation determined by in situ hybridisation. Br. J. Cancer 61,
385-389.

Bull J.H. and Harnden P. (1999). Efficient nuclear FISH on paraffin-
embedded tissue sections using microwave pretreatment.
Biotechniques 26, 416-418, 422.

Choi K., Kennedy M., Kazarov A., Papadimitriou J.C. and Keller G.
(1998). A common precursor for hematopoietic and endothelial cells.
Development 125, 725-732.

Chomel J.C., Brizard F., Veinstein A., Rivet J., Sadoun A., Kitzis A.,
Guilhot F. and Brizard A. (2000). Persistence of BCR-ABL genomic
rearrangement in chronic myeloid leukemia patients in complete and
sustained cytogenetic remission after interferon-alpha therapy or
allogeneic bone marrow transplantation. Blood 95, 404-408.

Cordell J.L., Falini B., Erber W.N., Ghosh A.K., Abdulaziz Z.,
MacDonald S., Pulford K.A., Stein H. and Mason D.Y. (1984).
Immunoenzymatic labeling of monoclonal antibodies using immune
complexes of alkaline phosphatase and monoclonal anti-alkaline
phosphatase (APAAP complexes). J. Histochem. Cytochem. 32,
219-229.

Davis T.A., Robinson D.H., Lee K.P. and Kessler S.W. (1995). Porcine
brain microvascular endothelial cells support the in vitro expansion
of human primitive hematopoietic bone marrow progenitor cells with
a high replating potential: requirement for cell-to-cell interactions and
colony-stimulating factors. Blood 85, 1751-1761.

Deeg H.J., Gooley T.A., Flowers M.E., Sale G.E., Slattery J.T., Anasetti
C., Chauncey T.R., Doney K., Georges G.E., Kiem H.P., Martin P.J.,
Petersdorf E.W., Radich J., Sanders J.E., Sandmaier B.M., Warren
E.H., Witherspoon R.P., Storb R. and Appelbaum F.R. (2003).
Allogeneic hematopoietic stem cell transplantation for myelofibrosis.
Blood 102, 3912-3918.

Elmaagacli A.H., Runkel K., Steckel N., Opalka B., Trenschel R.,
Seeber S., Schaefer U.W. and Beelen D.W. (2001). A comparison of
chimerism and minimal residual disease between four different
allogeneic transplantation methods in patients with chronic
myelogenous leukemia in first chronic phase. Bone Marrow
Transplant. 27, 809-815.

Fehse B., Chukhlovin A., Kuhlcke K., Marinetz O., Vorwig O., Renges
H., Kruger W., Zabelina T., Dudina O., Finckenstein F.G., Kroger N.,
Kabisch H., Hochhaus A. and Zander A.R. (2001). Real-time
quantitative Y chromosome-specif ic PCR (QYCS-PCR) for
monitoring hematopoietic chimerism after sex-mismatched
allogeneic stem cell transplantation. J. Hematother. Stem. Cell Res.
10, 419-425.

Gatter K.C., Cordell J.L., Turley H., Heryet A., Kieffer N., Anstee D.J.
and Mason D.Y. (1988). The immunohistological detection of
platelets, megakaryocytes and thrombi in routinely processed
specimens. Histopathology 13, 257-267.

Gehling U.M., Ergun S., Schumacher U., Wagener C., Pantel K., Otte
M., Schuch G., Schafhausen P., Mende T., Kilic N., Kluge K.,
Schafer B., Hossfeld D.K. and Fiedler W. (2000). In vitro
differentiation of endothelial cells from AC133-positive progenitor
cells. Blood 95, 3106-3112.

Golde D.W., Hocking W.G., Quan S.G., Sparkes R.S. and Gale R.P.
(1980). Origin of human bone marrow fibroblasts. Br. J. Haematol.
44, 183-187.

Greenberg B.R., Wilson F.D., Woo L. and Jenks H.M. (1978).
Cytogentics of fibroblastic colonies in Ph1-positive chronic

370

Dualism of chimerism



myelogenous leukemia. Blood 51, 1039-1044.
Gunsilius E., Duba H.C., Petzer A.L., Kahler C.M., Grunewald K.,

Stockhammer G., Gabl C., Dirnhofer S., Clausen J. and Gastl G.
(2000). Evidence from a leukaemia model for maintenance of
vascular endothelium by bone-marrow-derived endothelial cells.
Lancet 355, 1688-1691.

Holyoake T., Jiang X., Eaves C. and Eaves A. (1999). Isolation of a
highly quiescent subpopulation of primitive leukemic cells in chronic
myeloid leukemia. Blood 94, 2056-2064.

Hristov M. and Weber C. (2004). Endothelial progenitor cells:
characterization, pathophysiology, and possible clinical relevance. J.
Cell. Mol. Med. 8, 498-508.

Iwami Y., Masuda H. and Asahara T. (2004). Endothelial progenitor
cells: past, state of the art, and future. J. Cell. Mol. Med. 8, 488-497.

Kitzis A., Brizard F., Dascalescu C., Chomel J.C., Guilhot F. and Brizard
A. (2001). Persistence of transcriptionally silent BCR-ABL
rearrangements in chronic myeloid leukemia patients in 
sustained complete cytogenetic remission. Leuk. Lymphoma 42,
933-944.

Koegler G., Wolf H.H., Heyll A., Arkesteijn G. and Wernet P. (1995).
Detection of mixed chimerism and leukemic relapse after allogeneic
bone marrow transplantation in subpopulations of leucocytes by
fluorescent in situ hybridization in combination with the simultaneous
immunophenotypic analysis of interphase cells. Bone Marrow
Transplant. 15, 41-48.

Kröger N., Zabelina T., Schieder H., Panse J., Ayuk F., Stute N., Fehse
N., Waschke O., Fehse B., Kvasnicka H.M., Thiele J. and Zander A.
(2005). Pilot study of reduced-intensity conditioning followed by
allogeneic stem cell transplantation from related and unrelated
donors in patients with myelofibrosis. Br. J. Haematol. 128, 690-697.

Kvasnicka H.M. and Thiele J. (2004). Bone marrow angiogenesis:
methods of quantification and changes evolving in chronic
myeloproliferative disorders. Histol. Histopathol. 19, 1245-1260.

Kvasnicka H.M., Wickenhauser C., Thiele J., Varus E., Hamm K.,
Beelen D.W. and Schaefer U.W. (2003). Mixed chimerism of bone
marrow vessels (endothelial cells, myofibroblasts) following
allogeneic transplantation for chronic myelogenous leukemia. Leuk.
Lymphoma 44, 321-328.

Mackinnon S., Barnett L., Heller G. and O'Reilly R.J. (1994). Minimal
residual disease is more common in patients who have mixed T-cell
chimerism after bone marrow transplantation for chronic
myelogenous leukemia. Blood 83, 3409-3416.

Mohle R., Bautz F., Rafii S., Moore M.A., Brugger W. and Kanz L.
(1999). Regulation of transendothelial migration of hematopoietic
progenitor cells. Ann. NY Acad. Sci. 872, 176-186.

Murasawa S. and Asahara T. (2005). Endothelial progenitor cells for
vasculogenesis. Physiology (Bethesda) 20, 36-42.

O'Brien S., Kantarjian H., Shtalrid M., Blick M., Beran M. and Talpaz M.
(1988). Lack of breakpoint cluster region rearrangement in marrow
fibroblasts of patients with Philadelphia chromosome-positive
chronic myelogenous leukemia. Hematol. Pathol. 2, 25-29.

Oka T., Sastry K.J., Nehete P., Schapiro S.J., Guo J.Q., Talpaz M. and
Arlinghaus R.B. (1998). Evidence for specific immune response
against P210 BCR-ABL in long-term remission CML patients treated
with interferon. Leukemia 12, 155-163.

Rafii S., Shapiro F., Pettengell R., Ferris B., Nachman R.L., Moore M.A.
and Asch A.S. (1995). Human bone marrow microvascular
endothelial cells support long-term proliferation and differentiation of
myeloid and megakaryocytic progenitors. Blood 86, 3353-3363.

Reilly J.T., Nash J.R., Mackie M.J. and McVerry B.A. (1985). Endothelial
cell proliferation in myelofibrosis. Br. J. Haematol. 60, 625-630.

Rondell i  D., Barosi G., Bacigalupo A., Prchal J.T., Popat U.,
Alessandrino E.P., Spivak J.L., Smith B.D., Klingemann H.G.,
Fruchtman S. and Hoffman R. (2005). Allogeneic hematopoietic
stem-cell transplantation with reduced-intensity conditioning in
intermediate- or high-risk patients with myelofibrosis with myeloid
metaplasia. Blood 105, 4115-4119.

Rondon G., Giralt S., Pereira M., Van Besien K., Mehra R., Champlin R.
and Andreeff M. (1997). Analysis of chimerism following allogeneic
bone marrow transplantation by fluorescent-in-situ hybridization.
Leuk. Lymphoma 25, 463-467.

Santucci M.A., Trabetti E., Martinelli G., Buzzi M., Zaccaria A., Pileri S.,
Farabegoli P., Sabattini E., Tura S. and Pignatti P.F. (1992). Host
origin of bone marrow fibroblasts following allogeneic bone marrow
transplantation for chronic myeloid leukemia. Bone Marrow
Transplant. 10, 255-259.

Schatteman G.C. (2004). Adult bone marrow-derived hemangioblasts,
endothelial cell progenitors, and EPCs. Curr. Top. Dev. Biol. 64,
141-180.

Shalaby F., Rossant J., Yamaguchi T.P., Gertsenstein M., Wu X.F.,
Breitman M.L. and Schuh A.C. (1995). Failure of blood-island
formation and vasculogenesis in Flk-1-deficient mice. Nature 376,
62-66.

Shi Q., Rafii S., Wu M.H., Wijelath E.S., Yu C., Ishida A., Fujita Y.,
Kothari S., Mohle R., Sauvage L.R., Moore M.A., Storb R.F. and
Hammond W.P. (1998). Evidence for circulating bone marrow-
derived endothelial cells. Blood 92, 362-367.

Simmons P.J., Przepiorka D., Thomas E.D. and Torok-Storb B. (1987).
Host origin of marrow stromal cells following allogeneic bone marrow
transplantation. Nature 328, 429-432.

Simmons P.J., Masinovsky B., Longenecker B.M., Berenson R., Torok-
Storb B. and Gallatin W.M. (1992). Vascular cell adhesion molecule-
1 expressed by bone marrow stromal cells mediates the binding of
hematopoietic progenitor cells. Blood 80, 388-395.

Smith A., Robson L.G., Sharma P. and Shaw P.J. (1999). Application of
interphase FISH on direct bone marrow smears for evidence of
chimerism in pediatric sex mismatched bone marrow transplantation.
Pathology 31, 25-28.

Soligo D., Delia D., Oriani A., Cattoretti G., Orazi A., Bertolli V., Quirici
N. and Deliliers G.L. (1991). Identification of CD34+ cells in normal
and pathological bone marrow biopsies by QBEND10 monoclonal
antibody. Leukemia 5, 1026-1030.

Tamura S., Saheki K., Takatsuka H., Wada H., Fujimori Y., Okamoto T.,
Takemoto Y., Hashimoto-Tamaoki T., Furuyama J. and Kakishita E.
(2000). Early detection of relapse and evaluation of treatment for
mixed chimerism using fluorescence in situ hybridization following
allogeneic hematopoietic cell transplant for hematological
malignancies. Ann. Hematol. 79, 622-626.

Thiede C., Florek M., Bornhauser M., Ritter M., Mohr B., Brendel C.,
Ehninger G. and Neubauer A. (1999). Rapid quantification of mixed
chimerism using multiplex amplification of short tandem repeat
markers and fluorescence detection. Bone Marrow Transplant. 23,
1055-1060.

Thiede C., Bornhauser M. and Ehninger G. (2004). Strategies and
clinical implications of chimerism diagnostics after allogeneic
hematopoietic stem cell transplantation. Acta Haematol. 112, 16-23.

Thiele J., Rompcik V., Wagner S. and Fischer R. (1992). Vascular
architecture and collagen type IV in primary myelofibrosis and

371

Dualism of chimerism



polycythaemia vera: an immunomorphometric study on trephine
biopsies of the bone marrow. Br. J. Haematol. 80, 227-234.

Thiele J., Imbert M., Pierre R., Vardiman J.W., Brunning R.D. and
Flandrin G. (2001). Chronic idiopathic myelofibrosis. In WHO
Classification of Tumours: Tumours of Haematopoietic and
Lymphoid Tissues. Jaffe E.S., Harris N.L., Stein H. and Vardiman
J.W. (eds) IARC Press. Lyon. pp. 35-38.

Uhr J.W., Scheuermann R.H., Street N.E. and Vitetta E.S. (1997).
Cancer dormancy: opportunities for new therapeutic approaches.

Nat. Med. 3, 505-509.
van Besien K. and Deeg H.J. (2005). Hematopoietic Stem Cell

Transplantation for Myelofibrosis. Semin. Oncol. 32, 414-421.
White A.D. and Sweeney M.C. (1993). Detection of male cells in

mixtures containing varying proportions of male and female cells by
fluorescence in situ hybridization and G-banding. Cytometry 14, 9-
15.

Accepted October 9, 2006

372

Dualism of chimerism


