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Abstract
The first mouse model of hematopoietic stem cell transplantation (HSCT) was developed more than 50 years ago. HSCT is
currently being widely used in a broad range of research areas, which include studies of the engraftment process, the patho-
genesis of graft-versus-host disease and possible ways of its treatment and prophylaxis, attempts to use the graft-versus-
-leukemia/tumor effect in treating hematological and oncological malignancies, cancer vaccine development, induction of
transplanted organ tolerance, and gene therapy. However, although this model is widely distributed, many laboratories use
different protocols for the procedure. There are a number of papers discussing different HSCT protocols in clinical work,
but no articles summarizing mouse laboratory models are available. This review attempts to bring together different details
about HSCT in the mouse model, such as the types of transplantation, possible pretreatment regimens and their combina-
tions, methods and sources of graft harvesting and preparation for the transplantation procedure, the influence of graft cell
dose and content on the engraftment process, the transplantation method itself, possible complications, symptoms and tech-
niques of their prophylaxis or treatment, as well as follow-up and engraftment assessment. We have also tried to reflect cur-
rent knowledge of the biology of the engraftment.
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INTRODUCTION

Hematopoietic stem cell transplantation (HSCT) in
the mouse model has been used for several decades. It
was shown in the 1950’s that mice given lethal doses of
irradiation could be saved by bone marrow infusion.
The first experience of this procedure was connected
with experimental bone marrow transplantation (BMT)
and studies of the possibility of post-irradiation and
post-chemotherapy rescue in a laboratory model [94].
HSCT is currently a widespread method used in a broad
range of scientific research areas, such as engraftment

process studies, graft-versus-host disease (GVHD)
pathogenesis investigations, attempts at using the graft-
-versus-leukemia/tumor (GVL/GVT) effect in treating
hematological malignancies and solid tumors, cancer
vaccine development, and transplanted organ tolerance
induction. During the past decades many researchers
have chosen this method due to the availability and wide
utilization of mice in laboratory investigations.
However, although this model is widely distributed,
many laboratories use different protocols for the proce-
dure as well as different sources of stem cells. The
impact of all the factors of transplantation on the biolo-



gy of engraftment and outcome is not always clearly
understood. 

There are number of papers discussing different
HSCT protocols in clinical work, but no articles summa-
rizing experience with mice laboratory models are avail-
able. This review does not intend to establish a unified
protocol for HSCT: this would be impossible due to the
diverse subjects and goals of using this model by
researchers. The main purpose of this article is to sum-
marize briefly the current knowledge of the biology of
the hematopoietic engraftment process in laboratory
mice and to describe the influence of various key factors
on the outcome of the procedure. 

In general, the procedure of HSCT consists of sever-
al steps in the mouse model, just as is the case in
humans. There are various pretreatment regimens
which have a major influence on the extent and the type
of the engraftment, post-transplantation complications,
and survival. The sources of the hematopoietic stem
cells (HSCs) as well as recipient and donor status are
also important and therefore discussed in the paper.
Graft harvesting, processing, and optional enrichment
are different in the models used nowadays and have
their impacts on the procedure outcome as a whole.
Finally, in this review we also tried to highlight post-
-transplantation mice survey, support therapy, compli-
cations, and chimerism assessment.

THE BIOLOGY OF HSCs IN MICE

HSCs possess two fundamental features distinguish-
ing them from the more mature hematopoietic cells.
First, they are able to reconstitute all lineages in the
hematolymphoid system. Second, they possess the uni-
que ability of self-renewal and can maintain hema-
topoiesis for the entire life of the organism. HSCs con-
stitute a very small proportion of the population of cells
and extensive studies were conducted during the past
two decades to determine the phenotype of these cells.
A number of surrogate in vitro and in vivo assays assess-
ing HSC purity and functions have been developed. The
most frequently used are in vivo colony-forming units in
spleen assay [137], in vitro colony-forming cell [57], long-
-term culture-initiating cell [132], and cobblestone area-
-forming cell [92] assays. However, these deal mainly
with the more mature progenitor cells. Therefore the in
vivo long-term reconstitution assay is the most stringent
test in evaluating the properties and self-renewal poten-
tial of HSCs [144, 154]. 

The isolation and description of mouse HSCs has
greatly improved our understanding of the biology of
the engraftment process in mice. The primitive mouse
HSCs could be divided into three major subpopulations
with distinct phenotypes and biological properties: the
earliest long-term repopulation ability stem cells
(LTRA, c-kit+Thy1.1lowLin–/lowSca-1+Flk-2–), which give
rise to short-term repopulation ability stem cells
(STRA, c-kit+Thy1.1lowLin–/lowSca-1+Flk-2+), and the

most mature committed progenitor cells, which main-
tain multipotency but not self-renewal potential 
(c-kit+Thy1.1–Lin–/lowSca-1+Flk-2+) [10, 17, 166]. The
LTRA and STRA subpopulations constitute approxi-
mately 0.05–0.08% of total bone marrow cellularity and
are often referred to as KTLS cells (c-kit+Thy1.1low

Lin–/lowSca-1+) [83, 127, 140]. Despite numerous
attempts, the unique cellular marker characterizing
HSCs has not yet been found. Therefore, as noted
above, mouse primitive HSCs are separated nowadays
by KTLS phenotype [10, 12, 166] using the fluorescence-
-activated cell sorting (FACS) with antibody-based
approach. New markers, which could be potentially
used in mouse HSCs for further purification steps, were
also reported recently: CD38 [99], CD201 [5], CD105
[15], Flk-2 [17], and CD49b [148]. 

There are also additional approaches for HSCs
purification. The fluorescent DNA-binding dye Hoechst
33342 was introduced for this purpose by Goodell et al.
[47]. Due to the highest efflux of this dye from the most
primitive HSCs, these cells form a small but distinct side
population when analyzed with flow cytometry simulta-
neously at two emission wavelengths (red and blue).
This population revealed high reconstitution potential
in vivo and contributed to both lymphoid and myeloid
lineages when engrafted [71]. The vast majority of cells
selected with Hoechst 33342 were shown to be quiescent
primitive HSCs by independent antigen staining, and
this method could therefore be useful even alone for
purification [47, 89]. 

Rhodamine-123 (Rh123) is another fluorescent dye
which is often used for further purification of HSCs
selected by the antibody-based approach [47]. Rh123
distinguishes cell populations based on metabolic activ-
ity by staining the mitochondria in cells [59]. It was
shown that the low-metabolizing Rh123low KTLS cell
population is highly enriched in LTRA cells, whereas
Rh123high KTLS cells could be characterized as STRA
cells [65]. However, Rh123 alone, without antibodies, is
not enough for HSCs purification, because the stained
stem cell population is not distinct from the rest of the
bone marrow as is the case with the Hoechst SP [47].
The methods of purification described above are not
mutually exclusive and could be used together to obtain
a population of highly enriched HSCs with potent long-
-term reconstitution abilities [154].

Studies with purified populations by Cheshier et al.
[16] revealed that the majority, about 75%, of the most
primitive HSCs are quiescent in terms of the cell cycle,
i.e. rest in the G0 stage. Only about 5% are in S/G2/M
and another 20% in G1 phase. In the study, with bro-
modeoxyuridine incorporation, the same authors esti-
mated that approximately 8% of primitive HSCs asyn-
chronously entered the cell cycle per day and 99% of
them divided regularly, on average every 57 days [16]. It
is important to consider the cell cycle status of HSCs
used for transplantation, especially if ex vivo cytokine
expansion of donor HSCs was used [48]. A large amount
of literature data provides strong evidence that quies-
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cent purified HSCs engraft successfully, whereas the
same cells in S/G2/M phase revealed defective long-term
engraftment [48, 98, 129, 153]. This phenomena was first
illustrated by Fleming et al. [39]. In their elegant exper-
iment, just 100 highly enriched G0/G1 HSCs rescued
90% of lethally irradiated mice, whereas the same
amount of S/G2/M HSCs protected only 25% of recipi-
ents. However, it was also shown that this lack of long-
term repopulative ability of S/G2/M HSCs is reversible
as soon as they return in the G0/G1 phase [48]. The
reduced long-term engraftment of these cells was
explained by impaired homing, since it was shown that
HSCs have decreased expression of adhesion receptors
in S/G2/M phases of cell cycle [95].

The primitive quiescent HSCs in bone marrow are
believed to reside in niches which maintain a special
microenvironment. This concept of a definitive cellular
space for HSCs was initially proposed by Schofield [115]
in 1978. The matrix and supporting cells surrounding
HSCs constitute the niche, localized in close proximity
to the endosteal surface [46]. It was shown recently that
osteoblasts are the key cells in the niche structure. They
provide both mechanical support and intrinsic factors
for maintaining HSC fate [9, 134, 164]. As an HSC be-
comes committed, it loses its quiescence, enters the cell
cycle, leaves its niche, moves toward the bone marrow
central region, and begins to differentiate [130]. Ano-
ther possibility for an HSC to leave its niche is the phys-
iological migration from the bone marrow to the periph-
eral blood and back [156]. These processes are a part of
normal homeostasis of the hematopoietic system, and
Bhattacharya et al. [7] revealed that approximately
0.1–1.0% of niches are vacant at any given time. It was
also shown by Wright et al. [156] that although only
about 100 HSCs are present in the mouse peripheral
blood at any given time, the total turnover is quite high.
The daily flux through the blood was estimated as
approximately 30,000 HSCs [7]. However, this process
could be greatly accelerated following mobilization pro-
cedures, which will be described later. 

It was thought for a long time that engraftment of
donor HSCs would not take place in the case of a non-
-myeloablated recipient, where there are not enough
available niches in the recipient bone marrow [18, 70,
94, 116]. However, a number of studies have provided
evidence that myeloablation is not strictly obligatory, at
least for syngeneic HSCT, and could be compensated by
using mega doses and repetitive injections of HSCs [101,
128, 157]. A good illustration of this concept was the
series of experiments performed by Stewart et al. [128].
In their model, non-myeloablated female hosts received
40×106 male cells per day for 5 consecutive days. Chro-
mosome banding techniques showed that 5–46% of
marrow cells were of donor origin 3–9 months post
transplantation. These data and a confirmative study by
Wu and Keating [157] further support the theory that
some of the niches are available at any time for imme-
diate engraftment of donor stem cells. In addition,
Askenasy and Farkas [3] have shown that the primary

adhesion of HSCs in bone marrow is not restricted by
the availability of free space in stroma or antigen dis-
parity between donor and host. 

Zhong et al. [165] raised the question of whether the
incomplete engraftment in non-myeloablated mice is
the result of a space shortage for graft homing or a lack
of proliferation of donor cells. They implanted labeled
donor HSCs directly into the femur cavity of myeloab-
lated and non-myeloablated mice and then studied their
distribution and proliferation profiles. It was found that
the homing of donor HSCs was roughly equivalent in
myeloablated and non-myeloablated mice. Thus the
incomplete engraftment in non-myeloablated mice with
the same homing efficiency was considered by Zhong et
al. [165] as the result of a proliferation halt of the donor
stem cells. In contrast, in studies by Hendrikx et al. [51]
it was shown that homing to non-irradiated marrow was
even 2.5 times higher than to irradiated bone marrow.
The set of mechanisms controlling this proliferation is
quite complex and still largely unknown. It seems that
the rapid expansion of donor cells in myeloablated mice
is primarily due to the production of stimulatory factors
induced by myelodepletion and low competition from
the host HSCs [94, 165]. Donor stem cells transplanted
following the myeloablation could play a major role in
hematopoiesis of the recipient, resulting in a higher
level of donor engraftment [101, 165]. In view of these
results, a model of competitive stem cell engraftment
was proposed which suggests that in the absence of
immunological barriers, the final percentage of donor
chimerism is determined by the ratio of host to donor
stem cells rather than by the extent of the space for
engraftment opened by preparative regimens [19, 95,
101, 129]. In other words, syngeneic donor stem cells
compete with the host counterparts for niches and could
engraft even in a non-myeloablated recipient, but their
impact on overall hematopoiesis will be minimal due to
high competition from the host stem cells. However, as
mentioned above, administration of large stem cell
doses could increase the competitive potential of the
donor HSCs [128, 157]. The competitive repopulation
assay, proposed by the Harrison [49] in 1980 for the first
time, is based on this principle and is often used in stud-
ies comparing different subsets of HSCs. In this assay,
several populations of HSCs easily distinguishable by
some marker are mixed in known proportions and their
repopulation potential is then assessed by the relative
contribution in the hematopoietic reconstitution of the
myeloablated recipient. The practical details concerning
this assay and its modifications can be found in the
recent review by van Os et al. [144].

However, there is at least one further point of con-
cern in allogeneic as distinct from syngeneic HSCT. To
break through the antigen disparity barrier, an effective
immunosuppressive component has to be introduced to
overcome graft rejection by the host immune system [18,
94]. Confirmative data obtained by Colson et al. [18]
and Quesenberry et al. [96] in irradiation-based models
suggest that there are two distinct populations which
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play a role in syngeneic and allogeneic engraftment.
Since there is no problem of immunological rejection of
donor cells in syngeneic HSCT, it is only necessary to
raise their competitive potential over host stem cells.
Elimination of the first recipient’s population, mostly
primitive HSCs with radiosensitivity of about 1–2 Gy,
serves this goal and therefore results in marked syn-
geneic donor engraftment [94]. The second population,
host immune cells with radiosensitivity of about 5.5–7
Gy, is responsible for the rejection of allogeneic donor
HSCs and has to be removed for effective prevention of
graft rejection in the allogeneic model. The problem of
graft rejection could also be solved by utilization of a
costimulation blockade, which has recently been used
more extensively [94, 97].

The engraftment rate in the mouse model is quite
rapid if rejection can be effectively prevented, and
donor cells could be detected in bone marrow already
several hours after intravenous injection [94, 165]. It is
important that the impact of the HSC populations
described above on the engraftment process is different
and was determined in studies with purified HSCs.
Hematopoietic reconstitution after HSCT occurs in two
phases. There is a rapid repopulation by STRA and late
donor progenitor cells with reduced self-renewal capac-
ity in the initial stage. Transient chimerism at this peri-
od can be confirmed within two or three weeks [10, 64,
138]. However, sustained long-term engraftment in the
later stage is conducted by LTRA, the most primitive
HSCs [10, 85].

It is still an issue of debate whether HSCs home to
bone marrow or could also engraft in other organs, par-
ticularly the spleen. Two groups, Plett et al. [91] and
Cao et al. [10], have recently shown that the majority of
donor cells home to bone marrow already within 20 h
after transplantation, albeit there were substantial pop-
ulations of donor cells also in the spleen. In the entire
bone marrow compartment the primary homing loci of
donor HSCs were in the spine (approximately 50%)
[10]. This fact is in agreement with results obtained
recently by Colvin et al. [19] which show that the spine
constitutes approximately half of the entire bone mar-
row compartment in mice. Plett et al. [91] have also test-
ed functional differences between donor cells which
home to bone marrow and to the spleen. They found
that bone-marrow-homed cells were significantly en-
riched in cells capable of secondary multilineage hema-
topoiesis in mice undergoing serial transplantation com-
pared with spleen-homed cells. Consequently, it was
considered that most primitive HSCs home mainly to
bone marrow [19, 91], due to the specificity of their
adhesion receptors [94]. However, Cao et al. [10]
explained the relative possibility of homing HSCs to
a specific locus just by the impact of the engrafted organ
on the entire hematopoietic system. Since the bone mar-
row compartment in adult mice is the main site of
hematopoiesis, the majority of cells engrafted there.
These authors also noted that the final overall contribu-
tion of individual hematopoietic stem cells to chimerism

does not appear to depend on whether the initial
engraftment occurs in the spleen or in the bone marrow
[10].

PRETREATMENT REGIMENS USED 
IN THE MOUSE HSCT MODELS

The type and the intensity of the pretreatment are
the key factors in the entire transplantation procedure.
The majority of the protocols were designed with the
thought in mind that a pretreatment regimen should
empty space for competitive donor cells and suppress
the host immune system to prevent graft rejection [18,
97]. Pretreatment regimens can be divided into three
principal groups: radiation-based, chemotherapy-based,
and mixed. The statement “the more intensive, the bet-
ter” was dominant in the science for a long time, but the
complications caused by the severity of the strict mye-
loablation and immunosuppression protocols, as well as
better understanding of the biology of the engraftment
process, shifted both clinical and experimental HSCT
toward developing milder, so-called non-myeloablative
stem cell transplantations (NSTs), which are also men-
tioned below.

Traditional irradiation regimens are total body irra-
diation (TBI) and total lymphoid irradiation (TLI) in
different doses and/or combinations [64]. Due to the
high radiosensitivity of immune and HSCs, TBI is both
immunosuppressive and myeloablative and was histori-
cally the first method of the preparative regimen [18,
94]. The myeloablating effect of irradiation was shown
to result from the induction of apoptosis in both primi-
tive HSCs and mature progenitors [74] due to DNA
damage. The ability of irradiation to ablate the recipi-
ent’s stem cells and eliminate host immune cells to pre-
vent transplant rejection is known to be dose dependent
[72, 104]. A single dose of 7–8 Gy is considered to be
lethal and ablative enough in the majority of mouse
models [14, 20, 43, 45, 63, 111, 142], but there are also
reports of 9 Gy [73, 161], 10 Gy [44, 68], 11 Gy [4, 88],
12 Gy [139], and 13 Gy [60] doses. Without rescue
HSCT, mice die within 11–18 days after irradiation,
depending on the dose received [13, 44, 73, 166]. It was
also documented that radiosensitivity is dependent on
the age and strain of the experimental mice [22, 145,
162].

The impact of total irradiation dose and the pattern
of its administration on the transplantation process was
extensively studied in syngeneic and allogeneic, both
major histocompatibility complex (MHC)-matched and
MHC-mismatched, BMT models. It was clearly demon-
strated by Down et al. [34] and further by van Os et al.
[145] that the success of donor hematopoietic engraft-
ment is critically dependent on the irradiation dose.
Starting already from 2 Gy doses, mixed chimerism was
completely transformed into full chimerism in syngene-
ic models when a single-dose irradiation protocol was
applied. In the allogeneneic MHC-matched transplanta-

D. Nevozhay et al.: Mouse hematopoietic stem cell transplantation256



tion, poor or no engraftment at all was seen at doses
below 5.5 Gy, but data at doses of 6 Gy and above were
comparable with the syngeneic engraftment curve. As
for allogeneneic MHC-mismatched transplantation,
even higher doses were needed. This fact was explained
by the speculation that only a dose of about 6 Gy and
higher is able to effectively suppress immune-mediated
rejection in allogeneic HSCT. Similar dose-dependent
effects of irradiation on allogeneic engraftment have
been confirmed by others [18, 97].

When comparing the same total doses of irradiation,
the single-dose schedule has the larger cytoreductive
effect on the recipient’s stem and immune cells when
compared with multiple-dose schedules. Dividing the
irradiation into smaller multiple fractions and extending
the intervals between them results in diminished
engraftment and higher rejection rates in the allogeneic
model. Therefore, higher total irradiation doses are
needed to induce a level of engraftment similar to that
of a single-dose protocol [22, 34, 110, 147]. Applying the
single-dose protocol or increasing the dose rate and
fractional dose induce engraftment enhancement due to
more effective host immunosuppression and myeloabla-
tion, but frequently result in a reduction in the recipient
survival rate due to the higher overall toxicity of the pro-
cedure [34, 110, 147]. However, the decreased myeloab-
lative efficacy of low-irradiation protocols could be
compensated by an increased number of stem cells
transplanted [110]. Investigators usually balance the
intensity of the irradiation and graft stem cell dose to
select the optimal protocol depending on the subject of
the study and its endpoint. High-irradiation schedules
are used in case strong myeloablation is needed and
low-irradiation protocols are more applicable if there is
a desire to lower the risk of irradiation-induced toxicity
and complications. 

TLI is an alternative, immunosuppressive, but non-
-myeloablative radiation protocol in which, in order to
suppress host immunity and avoid systemic toxicity of
the irradiation, only lymphoid tissue is irradiated. It was
shown that this preparative regimen has fewer toxic
effects than TBI, reduces the incidence of GVHD and
secondary tumor appearance, and can potentially
induce stable, long-term engraftment of even fully allo-
geneic HSCs [123, 125]. The irradiation protocol for TLI
often consists of multiple daily fractions with a total
dose of up to 34 Gy [125]. Lower doses of TLI could be
used if combined with the myeloablative effect of low-
-dose TBI [121]. It has also been documented that both
the thymus and the peripheral lymphoid tissues have to
be included in the irradiation field to gain the full
immunosuppressive effect of TLI and to prevent graft
rejection, especially in allogeneic HSCT [116].

The use of TLI allowed safer administration of much
more effective doses of irradiation to the lymphoid tis-
sues while sparing non-lymphoid organs. Thus it
appears that non-myeloablative conditioning could
result in durable engraftment of even fully mismatched
donor stem cells with the induction of permanent and

specific transplantation tolerance to all donor tissues
while avoiding GVHD [120]. Indeed, as was shown by
Slavin et al. [125], BMT following TLI conditioning
resulted in stable mixed chimerism, the basis for bilater-
al unresponsiveness of host-versus-graft and graft-ver-
sus-host. The mechanism of unresponsiveness was due
primarily to central clonal deletion and natural suppres-
sor cells [79, 124]. It was shown that the host natural
killer (NK) T cells act as regulatory natural suppressor
cells and hamper the development of GVHD in recipi-
ents following TLI [61, 62]. The concept of using TLI as
part of a pretreatment regimen to reduce the incidence
of GVHD has been transferred into clinical practice
[67]. The role of donor alloantigen persistence in main-
taining antigen-specific unresponsiveness was also doc-
umented, which could explain, in part, the crucial role of
mixed chimerism in the induction and maintenance of
tolerance [78].

Chemotherapy is another pretreatment regimen
which has been introduced in the attempt to avoid irra-
diation toxicity [29]. To substitute irradiation in allo-
geneic HSCT successfully, chemotherapy-based regi-
mens must have both myeloablative and immunosup-
pressive properties [18]. Busulfan (1,4-butanediol
dimethanesulfonate, busulphan, myleran, BU) and its
homologue dimethylbusulfan (dimethylmyleran) are the
myeloablative but non-immunosuppressive agents
which are used most widely [29, 64, 161]. The activity of
these agents is based on their unique ability to eliminate
the most primitive quiescent HSCs in the bone marrow
[1, 29, 33, 64, 70, 72]. Although BU is known to be an
alkylating agent which is not cell cycle phase specific,
the exact mechanism of its selective action against prim-
itive HSCs is not well understood. BU and its analogs
administered in several fractions have a more profound
effect on stem cells than when given in one large dose
[152]. There is a dose-dependent effect of these agents
on the degree of myeloablation and therefore the extent
of engraftment [1, 161]. Other drugs, namely 5-fluo-
rouracil (5-FU), cyclophosphamide (CY), melphalan,
and bischloroethylnitrosourea, are also used. However,
Down et al. [31, 33] showed that these non-BU-based
agents have only a transient cytoreductive effect on
mature dividing cells with little, if any, effect on the pop-
ulation of primitive HSCs. The activity of 5-FU is based
on the elimination of mature and cycling progenitors
[100]. Therefore, the use of these chemotherapeutic
agents alone in HSCT, without introducing an addition-
al myeloablative component into the regimen, is rather
limited. 

The success of HSCT is highly dependent on sup-
pression of the recipient immune system to prevent graft
rejection by host immunocompetent cells. The risk of
such rejection is all the higher the more immunological
incompatibility there exists between donor and recipient
[18]. It has been well known for a long time that BU can-
not be used as a single agent for the preparation regi-
men due to its profoundly myeloablative effect and lack
of immunosuppressive properties [161]. The combina-
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tion of BU with CY was a treatment of choice not only
for allogeneic, but even for autologous transplantations
[107]. However, some literature data make it clear that
BU may be successfully applied alone in cases where
total suppression of the host immune system is not nec-
essary. Such cases include autologous, syngeneic [107,
111], congeneic [1, 161], and sex-mismatched [70] trans-
plantations. As regards allogeneic and, especially, xeno-
geneic transplantations, BU alone is not enough for
a pretreatment regimen, and some additional immuno-
suppressive therapy must be perfomed [6, 107, 152, 161].
The most frequently applied protocols include myeloab-
lative agents in combination with CY or other immuno-
suppressive drugs, depending on the type of transplan-
tation [29, 158].

The controversial question is: which regimen is bet-
ter, chemotherapy or irradiation? The data of Samlo-
wski et al. [111] obtained in a syngeneic transplantation
mouse model indicated that both preparative treat-
ments delay the reconstitution of the peripheral lymph
node T cell populations; however, immune functions
recovered more quickly in BU-treated mice. The com-
parative studies by the Mauch et al. [72] and Yeager et
al. [161] showed that both TBI and BU are effective as
pretreatment agents and their myeloablative potencies
were found to be approximately equal. Down and
Ploemacher [33] performed another experiment in
which they investigated the influence of three condi-
tioning regimens: TBI, BU-based, and 5-FU-based, on
the extent of erythroid engraftment. They considered
the myeloablative effect of a dose of 50 mg/kg BU to be
roughly equivalent to that of a single dose of 6–8 Gy
TBI. As for 5-FU, it induced only a transient chimerism
lasting about 10 weeks. 

It is hard to compare these results since there are
some differences in chemotherapeutic and irradiation
doses which can also influence the data. Due to this fact
and the lack of long-term follow-up of the recipient
mice treated with both regimens, the question of which
regimen is preferable is still unclear, just as in humans.
It was shown by Down et al. [30] that many effects of
preparative regimens could become evident at a late
post-transplantation time. Ratajczak [102] further con-
firmed the importance of long-term evaluation in his
study on the biochemical and constitutional changes in
mice receiving syngeneic HSCT after either irradiation-
-based or BU-based regimens. It was shown that one
year after transplantation the body weight of irradiated
mice was lower than that of animals treated with BU.
However, significant differences in a number of serum
biochemical parameters between the two experimental
groups were not found up to 60 days post-transplanta-
tion. Delayed effects are worthy of long-term evaluation
and comparison to discover a better preparative
method, but it could be speculated that the BU regimen
is the more suitable, at least in syngeneic/congeneic
models, because of its mostly myeloablative, rather than
immunosuppressive, effect. It also results in faster
immunological reconstitution [111]. Furthermore, less

damage to host tissue can result in a lower level of in-
flammatory cytokine release and a reduced incidence of
acute GVHD development [33, 111, 159]. 

Over the last two decades, a trend has become
apparent to develop new, less myeloablative regimens
and to bring experimental achievements into the clinic.
There are two main ideas behind such NST protocols.
The first is to ablate the host HSCs to a certain degree
to raise the competitive potential of donor inoculum.
The second, which is important in allogeneic HSCT, is
to suppress the host immune system to just as low as is
necessary to prevent allogeneic donor HSC rejection.
These regimens are usually much milder than the “clas-
sical” ones [1, 116, 129]. The most interesting directions
of research are the new analogs of known immunosup-
pressive and myeloablation agents [152], costimulatory
blockade [1, 8, 97, 151], and different combinations of
supra-lethal doses of irradiation and/or chemotherapeu-
tic drugs [52, 61, 62, 69, 158]. Induction of alloantigen-
primed lymphocyte depletion was recently documented
to be an effective method for tolerance induction across
MHC using non-myeloablative conditioning as well [93].

One of the most promising of these low-toxic regi-
mens is costimulatory blockade. Wekerle et al. [151]
demonstrated that treatment of naive mice with a high
dose of fully MHC-mismatched allogeneic bone marrow
cells (BMCs) followed by one injection of anti-CD154
monoclonal antibody and cytotoxic T lymphocyte anti-
gen 4 immunoglobulin resulted in multi-lineage hema-
topoietic macrochimerism that persisted for up to 34
weeks without any cytoreductive therapy. Moreover,
long-term chimeras also established donor-specific tol-
erance. Costimulation blockade-based regimens were
recently reviewed by Wekerle et al. [150].

SOURCES OF HSCs IN MOUSE MODELS
AND THEIR CHARACTERIZATION 

As in humans, there are several sources of hema-
topoietic stem cells in mice. One can harvest them from
bone marrow or peripheral or umbilical cord blood,
depending on the type of intended transplantation. Due
to differences in the cell content of the sources, their rel-
ative repopulating potential, and the course of the
engraftment process, the impact of the HSC source on
the outcome of the transplantation should be consid-
ered in mouse HSCT [45].

The method of bone marrow harvesting is quite sim-
ple and well described in the literature [1, 8, 34, 82, 145,
147]. In experimental mouse models this method is
probably used most frequently due to the high concen-
tration of HSCs in bone marrow. The majority of
researchers usually harvest bone marrow from the hind
legs only [22, 33, 69, 73, 82, 97, 158], but some use both
the front and hind leg bones, the humeri, femurs, and
tibias, to collect more cells [1, 8, 13, 34]. The marrow is
harvested by flushing the bones with an appropriate
medium or PBS. All of the more or less solid clumps of
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debris should be homogenized by passage through
a needle or by washing twice with D-galactose [142].
Then the cell suspension is usually filtered and washed
twice with medium, sometimes supplemented with
antibiotics to prevent possible infectious complications
[8, 18, 20, 52, 152]. The entire procedure is conducted
under aseptic conditions. It is worth noting that differ-
ent mouse strains have distinct, genetically determined
HCS frequencies and reconstitutive potentials as well as
overall cellularity of the bone marrow, and this should
also be taken into account before selecting an appropri-
ate donor strain for transplantation [10, 19, 25, 82]. 

In the two last decades, mobilized peripheral blood
cells (MPBCs) have been increasingly used to replace
BMCs as a source for HSCT. The successful protocols
of mobilized peripheral blood cell transplantation
(MPBCT) with high recipient survival rate, long-term
hematopoietic chimerism, and low incidence of GVHD
were also established in a mouse model [160]. Due to
the fact that the peripheral blood of the normal mouse
is deficient in HSCs, donor mice have to be stimulated
to mobilize these cells from the marrow to the blood.
Mobilization is usually performed by granulocyte
colony-stimulating factor (G-CSF) or/and cytotoxic
drugs, mainly CY [85, 133, 160]. The importance and
advantages of different methods of MPBC mobilization
were challenged by Neben et al. [85]. The authors inves-
tigated three methods: intraperitoneal administration of
a single dose (200 mg/kg) of CY one week before cell
harvesting, subcutaneous administration of G-CSF (250
µg/kg/d) twice daily for 4 days before cell harvesting,
and a combined regimen which included both CY and
G-CSF. They determined the optimal timing for har-
vesting stem cells from the blood during their pilot stud-
ies. The primitive stem cell content of stimulated blood
was significantly increased following all three mobiliza-
tion methods, approaching normal bone marrow levels,
but was highest in the group treated with the CY + 
G-CSF combined regimen. The efficacy of a CY + 
G-CSF combined mobilization protocol identical to the
one described above was confirmed in studies by
Wierenga et al. [153].

Mice intended to serve as donors ought have their
spleens removed under general anesthesia at least 2–4
weeks before donation to avoid pooling of MPBCs in the
spleen [45, 153, 160]. After an appropriate mobilization
regimen and donor mouse anesthetization, approximate-
ly 1 ml of blood has to be harvested from the orbital
plexus [153, 160] or by cardiac puncture [85]. An alter-
native method suggested that if donor survival is not
obligatory, blood could be collected under sterile condi-
tions by dissection of both carotid arteries after mouse
anticoagulation with heparin and sacrifice by cervical
dislocation [45]. After lysis of erythrocytes and adjusting
the cell number, the graft can be used for HSCT [153,
160]. There is also a report by Pan et al. [88] about using
G-CSF-mobilized splenocytes from the donors as the
source for transplantation in the experimental model of
GVHD. Transplantation of splenocytes mobilized by 

G-CSF after TBI as pretreatment regimen resulted in
inhibition of the development of GVHD in recipients,
but did not abrogate it completely. Therefore, the spleen
as a potential source of transplantation inoculum should
be treated with caution due to high T cell inoculum.
However, in another recent study by Shirasugi et al. [117]
it was found that allogeneic barriers could be overcome
by the combination of BU, costimulation blockade, and
transplantation of allogeneic MHC-mismatched spleno-
cytes. Recipients in this study showed high survival and
a significant level of hematopoietic chimerism (5–40%)
and developed stable immunological tolerance as con-
firmed by the skin graft survival. 

It is well known that MPBCs and BMCs differ sig-
nificantly in their HSC compartments. Despite the dra-
matic increase in the number of HSCs in peripheral
blood during the donor pretreatment regimen [153,
160], normal bone marrow still contains a higher per-
centage of HSCs [45, 140]. Uchida et al. [140] showed
that KTLS HSCs constitute approximately 0.08% of
total steady-state bone marrow cellularity, whereas even
in mobilized peripheral blood there are not more than
0.02–0.04%. Moreover, there are not only quantitative,
but also qualitative differences between the two sources,
because HSCs from mobilized blood were shown to con-
tain a lower percentage of LTRA cells in comparison
with bone marrow [166]. Indeed, Glass et al. [45] report-
ed that BMC transplantation resulted in higher, faster,
and more reliable engraftment when the potentials of
MPBCs and BMCs were compared with identical num-
bers of nucleated cells in the mice model. However,
a deficiency of HSCs in peripheral blood could be com-
pensated by higher total cell doses of donor MPBC
inoculum [45]. It is also worth noting that mobilized
peripheral blood contains a higher percentage of T cells
than does bone marrow, but GVHD incidence and mor-
tality were shown to be approximately the same in some
BMT and MPBCT models [45, 160]. This could be
explained by the fact that pretreatment of MPBC
donors with G-CSF polarizes T cells toward the type-2
response in a dose-dependent manner, and that this po-
larization is associated with increased secretion of pro-
tective IL-4 and IL-10 cytokines, inhibition of GVHD
development, and reduced inflammatory cytokine pro-
duction [80, 88]. 

Another difference between HSCs from bone mar-
row and from mobilized peripheral blood is that most of
the HSCs in the mobilized peripheral blood are found to
be quiescent [108]. These data were further confirmed
by Uchida et al. [140], who showed that only 3% of
KTLS HSCs from MPBCs were in S/G2/M stage, where-
as the numbers of cycling KTLS HSCs from the bone
marrow and spleens of mobilized animals were deter-
mined as 24–26% and 5–7%, respectively. The percent-
age of HSCs actively dividing in the peripheral blood of
the mobilized animals was even lower than that in
steady-state bone marrow from untreated animals
(approximately 5% of KTLS cells in S/G2/M [16]). It was
suggested and further confirmed that virtually all HSCs
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enter the cell cycle in response to mobilization [84].
Afterwards, actively cycling cells migrate to the blood
just after the M phase and prior to the next S phase,
when they are in G0/G1 [155]. Additionally, the presence
of HSCs in the blood was revealed to be brief; they
selectively migrate mainly to the spleen, liver, and back
to bone marrow, where they enter the next cell cycle
[155]. Mobilization is also connected with the reciprocal
expression of CD34 and CD38, as was shown by Tajima
et al. [135]. The majority of mouse HSCs in steady-
-state adult mouse bone marrow was found to be
CD34–CD38+, but they change phenotype to
CD34+CD38– after mobilization into the blood. How-
ever, after returning to the bone marrow they reverted
their phenotype back to the CD34–CD38+ expression.

Umbilical cord blood transplantation is not a wide-
spread model of mouse HSCT, probably due to its rela-
tive complexity. Different sources of HSCs were pro-
posed as the surrogate of human umbilical cord blood:
mouse near-term fetal and newborn peripheral blood
(FNPB) [26, 27, 50, 54, 114], umbilical cord blood [76],
and fetal liver cells [50, 133]. Successful transplantations
of FNPB in syngeneic [114] and both MHC-matched
[27] and MHC-mismatched [54] allogeneic adult mice
with long-term hematopoietic chimerism and very low
or even absent incidence of GVHD are described in the
literature. Decreased incidence of GVHD was ex-
plained by the fact that the majority of T cells from
FNPB are of immature phenotype [26]. Conversely,
FNPB was also shown to have poorer radioprotective
capacity, slower allogeneic engraftment, and impaired
immune reconstitution compared with adult bone mar-
row and fetal liver cells [13, 50]. This could be explained
by the fact that FNPB contains a lower number of HSCs
than adult bone marrow and fetal liver [50]. However,
the long-term repopulative abilities of HSCs themselves
appeared to be similar, whether they were from adult
bone marrow or from FNPB [50]. It was reported
recently by Migishima et al. [76] that mouse umbilical
cord blood cells could also fully reconstitute the
hematopoietic system of lethally irradiated recipients.

Cells from fetal liver were shown to have an approx-
imately 7-fold increased percentage of HSCs compared
with adult bone marrow [81] and a significantly higher
capacity for long-term engraftment compared with
mobilized peripheral blood, FNPB, and adult bone mar-
row [50, 103, 133]. The mouse fetal liver is the primary
site of hematopoiesis during the middle part of gesta-
tion, but after day 15 the number of HSCs in the liver
declines very fast [81]. The phenotype of fetal liver
HSCs was shown to be similar to their adult bone mar-
row counterparts (KTLS cells) [81, 105]. However,
a number of distinct markers are also expressed on
them, namely Mac-1 [81, 105], AA4.1 [58, 105], and
CD34 [112]. The latter is considered to be the develop-
mental marker, since the majority of mouse HSCs are
CD34+ until the 10th week of life, and after that time
the expression of this marker on the HSCs from stable
adult bone marrow becomes approximately 20% [56].

However, as noted above, it should not be forgotten that
it is also expressed on HSCs from mobilized peripheral
blood [135]. Therefore, the expression of CD34 in
mouse HSCs is dependent on the source used. It was
also shown that HSCs from fetal liver cycle more active-
ly and contain twice as many cells in S/G2/M phase as the
HSCs from adult bone marrow [39].

Quantitative and qualitative differences between
available sources of HSCs are still a point of major con-
cern. There are often conflicting results about their
reconstitution potential, the frequency of most primitive
stem cells, and the risk of GVHD development. Further
studies are needed to clarify the relative usefulness of
HSCs from these sources and their biological proper-
ties. Another promising direction is designing HSCs
from embryonic stem cells and using them in transplan-
tation. Embryonic stem cells are truly pluripotent and
have the unique ability to become virtually any tissue.
There have been remarkable advances in this area dur-
ing the last decade and initial results are hopeful. This
topic is beyond the scope of this paper, and interested
readers are strongly encouraged to read the recent com-
prehensive review by Olsen et al. [86].

Another critical factor which could influence the
outcome of HSCT is the age of both donor and recipi-
ent. Older mice (10 and more months old) were shown
to have decreased bone marrow cellularity [19],
impaired homing [66], lower frequency of the most
primitive HSCs, and reduced self-renewal of these cells
[60]. This fact results in defective engraftment of HSCs
harvested from aged donors [60] and slower hematopoi-
etic recovery of the recipients [66]. Furthermore,
GVHD mortality, morbidity, and severity were all
shown to be worse in aged recipient mice, probably due
to upregulation of host antigen-presenting cells [87]. 

HSC DOSE, STATUS, MANIPULATION, 
AND TRANSPLANTATION

Irrespective of the type of pretreatment regimen
used, most researchers prefer to inject HSC inoculum
within 24 h after TBI [4, 11, 63, 111, 153], TLI [125], or
the last administered fraction of irradiation [22] or
chemotherapy [64, 111]. The collected graft cells have to
be injected intravenously into either the tail vein [18, 45,
52] or paraorbital sinus [10, 82, 147].

The success of HSCT and the speed and extent of
engraftment of donor HSCs are highly dependent on
the number of cells transplanted [43, 45, 77, 129, 141].
The optimal dose of cells depends on the relatedness of
the donor and recipient as well as the myeloablative and
immunosuppressive therapy conducted before trans-
plantation [1, 64, 110, 118, 158]. It was shown in autolo-
gous and syngeneic models that 106–107 unseparated
nucleated BMCs or MPBCs are enough for full regen-
eration of the host hematopoietic system [45, 111]. For
allogeneic MHC-matched and, especially, MHC-mis-
matched transplantations, 107–108 or even higher doses

D. Nevozhay et al.: Mouse hematopoietic stem cell transplantation260



of unseparated cells should be used [8, 20, 43, 45, 142,
151]. In other words, the general principle is: the more
histoincompatibility and the less intense the myeloabla-
tion preparative regimen, the higher the cell dose need-
ed, since it was shown that even a small difference in cell
antigen expression between donor and recipient mice
could impact on the extent of the engraftment [18, 34,
69, 138, 145, 146]. The dependence between the degree
of histoincompatibility and graft cell dose [118] can eas-
ily be explained. Even in immunosuppressed hosts, the
residual immune cells act against graft inoculum if there
is significant genetic disparity between donor and recip-
ient. Therefore, the risk of graft rejection increases
together with the degree of histoincompatibility. 

The importance of preparative regimen intensity
and its connection with optimal graft cell dose was clear-
ly illustrated by Stewart et al. [129] in sex-mismatched
models of BMT. In their studies, recipient mice without
TBI did not develop marked chimerism regardless of
the HSC dose transplanted (2, 10, or 40×106). After
irradiation of recipients with 100 cGy, the extent of
engraftment was clearly dose dependent, with the high-
est at 40×106 dose. However, when a TBI dose of 700
cGy was used, recipients transplanted with all HSCs
doses experienced the same high level of donor
chimerism (near 100%). These studies further confirm
that engraftment is most dependent on the HSC dose
when the preparative regimen is suboptimal [69]. These
data are in agreement with the concept of competitive
engraftment, described previously in the chapter on the
biology of HSCs. Therefore, to induce a high level of
donor chimerism, one needs to increase the competitive
potential of the donor HSCs in comparison with resid-
ual host HSCs. This could be done either by raising the
intensity of the preparative regimens or by increasing
the number of donor HSCs transplanted [104, 141]. 

Thanks to the identification of markers of mouse
primitive stem cells, it is possible nowadays to transplant
purified donor HSCs. These cells have the highest
reconstitutive potential, and much smaller doses could
be utilized to effectively reconstitute the host with donor
cells [65, 141]. Moreover, the more purified (primitive)
they are, the lower the cell dose needed, since success-
ful multilineage engraftment from even a single HSC is
described in the literature [10, 71]. However, even using
purified HSCs there is a dependency between cell dose
and the speed of donor reconstitution, at least to some
extent [12, 141]. 

Purification of HSCs is usually performed by magnet-
ic cell-separation methods, FACS methods using the anti-
body-based or/and fluorescent dye-based approaches,
and density gradient centrifugation. These procedures
are described in detail in a recent comprehensive review
[154]. The above methods are not equal in purification
efficacy and are often used in combination to ensure
a higher purity of the final HSC population. Density gra-
dient centrifugation allows discarding red blood cells and
granulocytes and results in several-fold enrichment.
Because of its low productivity, this method could only be

considered as an initial stage of purification. Using the
fluorescent dyes Hoechst 33342 and Rh123 to select the
side population and Rh123–/low cells, respectively, is more
productive, especially for the former dye [47]. These
methods result in approximately 1000-fold enrichment
and allow us to select populations which already contain
significant percentages of primitive HSCs [47, 130].
However, antibody-based FACS and magnetic cell-sepa-
ration are the most effective methods of purification. In
mice they utilize positive (c-kit+, Thy1.1low, Sca-1+) as
well as negative (Lin–, depleted of CD3, B220, Gr1,
Mac1, Ter119 cells) selection markers, each resulting in
approximately 10- to 20-fold enrichment [154].

When dealing with unpurified populations of HSCs,
many investigators prefer to remove immunocompetent
cells, such as different subsets of T cells, from transplant
material. This removal has a strong inhibitory effect on
the development of GVHD, one of the most dangerous
complications of HSCT [126, 138, 139]. However, not all
lymphoid subsets have such a negative effect on the out-
come of transplantation. It was shown that donor allore-
active NK cells actually protect recipient mice from
GVHD development by eliminating recipient antigen-
-presenting cells [109]. This protective effect was shown
to be TGF-β-dependent, since it was completely abro-
gated by the treatment of the recipients with the anti-
-TGF-β monoclonal antibody [2].

It should not be forgotten that GVL/GVT effects are
considered to be induced by T cells [36, 90, 122].
Although numerous studies suggest that GVHD could
be separated from GVL/GVT [2, 36, 44, 45, 55, 113,
139], there is likely to be an overlap between them [138].
This connection was recently confirmed by the observa-
tion that the host antigen-presenting cells, which play
the major role in T cell activation and the development
of GVHD [35, 75, 119], are also crucial for the GVL
response [106]. The GVL/GVT effects and their utiliza-
tion in immunotherapy are beyond the scope of this
review, and we refer interested readers to recent and
comprehensive papers discussing the subject [90, 122]. It
is worth noting that mouse bone marrow contains sig-
nificantly fewer T cells (1–3%) compared with human
bone marrow and this could account for the somewhat
lower risk of GVHD development in the murine model
[1, 126, 145]. Another explanation is that T cells in
mouse bone marrow were shown to contain a high pro-
portion of NK T cells, which are actually suppressive for
GVHD [163]. Spleen or lymph node cells are routinely
added to transplant inoculums if an increased T cell
compartment is required for a special purpose [63, 126,
138]. Different antibodies, in combination with comple-
ment, were historically used to eliminate immunocom-
petent cells or their specific subsets from the graft in
experiments demanding T cell depletion. The most fre-
quently used monoclonal antibodies were anti-CD90,
anti-CD4/CD8, and anti-CD3 [1, 12, 29, 69, 138, 142].
However, the immunomagnetic depletion of undesir-
able cells is utilized nowadays more often due to the
convenience of the method [45, 113]. 

D. Nevozhay et al.: Mouse hematopoietic stem cell transplantation 261



The influence of immunocompetent cell depletion
on the engraftment process itself has been a controver-
sial subject of inquiry during the past two decades.
Lapidot et al. [63] obtained interesting results in an
experiment performed on nude mice at the beginning of
the 90’s. It was shown that to ensure the success of the
engraftment, a large inoculum of nude bone marrow
must be supplemented with a trace quantity of donor T
cells, whereas a small bone marrow dose requires
a much larger number of T cells. The authors consid-
ered that the engraftment of allogeneic bone marrow is
T cell dependent. Soderling et al. [126] concluded on
the basis of their investigations that engraftment failure
is partly determined by a dynamic equilibrium between
T cells in the donor graft and the surviving host HSCs in
the conditioned recipients, especially if a low number of
donor HSCs was infused. More intensive conditioning is
needed for T cell-depleted HSC engraftment. However,
there are some data showing that T cell depletion does
not significantly alter the rate of immunohematopoietic
reconstitution in allogeneic MHC-matched and MHC-
-mismatched transplantations in mice [32, 43, 142].
These seemingly contrary results could be explained by
the differences in the pretreatment regimens, because
Truitt and Atasoylu [138] showed that the impact of
donor T cells on the engraftment is most critical in mod-
els utilizing suboptimal conditioning. It is generally
agreed nowadays that the graft rejection rate is higher in
T cell-depleted HSCT due to the lack of a “protective”
effect from the residual immune system of the recipient
and an abrogation of hematopoietic growth factor
release by donor T cells [4, 36, 37]. This effect was
shown to be mediated by facilitating cells, two subpopu-
lations of which are characterized by the CD8+TCR+

and CD8+TCR– phenotypes [41]. The latter cells share
phenotypic and functional similarities with the plasma-
cytoid precursor dendritic cells [40].

POST−TRANSPLANTATION MICE SURVEY 
AND COMPLICATIONS

It is generally agreed that it is better to maintain the
recipient mice in particularly pathogen-free conditions
after transplantation and provide them with sterile food
and acidified water due to the high risk of infection-
related mortality resulting from prolonged immunosup-
pression after the preparative regimen and the trans-
plantation itself [11, 73, 138, 153, 161]. Antibiotics are
often added to the mice’s diet for 2–4 weeks post-trans-
plantation as an additional method of infection preven-
tion [4, 10, 20, 45, 82, 126].

Another serious and frequent complication is
GVHD, which occurs when immunocompetent cells
from the donor are introduced into an immunoincom-
petent recipient and start immunological reactions
against host alloantigens [36, 143]. Acute GVHD occurs
in the early period after transplantation and manifests
by general wasting, weight and fur loss, skin ulcers,

hunched posture, perianal dermatitis, diarrhea [8, 18,
42, 52, 69, 138, 139, 158], as well as by histological signs
of acute inner organ injury, such as acantholysis and
pyknosis of the nuclei in the epidermis, single-cell
necrosis of the bowel epithelium with focal cellular infil-
tration (I–II stage), thinning of the epidermis, degener-
ation and loss of hair follicles, crypt abscesses of the
bowel, cellular infiltration, and lowering of cellularity of
spleen (stages III–IV) [11, 138, 159]. The main target
organs for acute GVHD are skin, gastrointestinal tract,
lungs, liver, and spleen [20, 143]. Chronic GVHD devel-
ops later, is not necessarily preceded by the acute stage,
and is characterized by pathological changes in multiple
organs resembling autoimmune syndrome. 

The extent of histoincompatibility between donor
and host and the residual number of T cells in the graft
have a major impact on the development of GVHD
[138, 139, 159]. The type and the intensity of the condi-
tioning regimen are also important factors [24, 159]. Hill
et al. [52] showed increased GVHD severity after inten-
sification of the TBI dose. The authors identified irradi-
ation intensity as an independent factor of GVHD
development. More intensive radiation causes greater
damage to the mucous membrane of the gastrointestinal
tract and therefore greater amounts of microbial endo-
toxins entered the systemic circulation, inducing an
increase in the level of TNF-α, a potent inductor of the
GVHD. The importance of bowel decontamination and
administration of probiotic microorganisms in the pre-
vention of GVHD was also established [37, 42].
Furthermore, it was shown that administration of endo-
toxine antagonist to the recipient early after transplan-
tation inhibits the secretion of TNF-α and reduces the
GVHD manifestations [21]. The leading role of inflam-
matory cytokines in acute GVHD was recently con-
firmed in the study by Teshima et al. [136]. Altogether,
the observations above are consistent with the “cytokine
storm” paradigm, which suggests that a cascade of
inflammatory cytokines, caused both by the condition-
ing regimen and microbial endotoxins leaking through
damaged intestinal mucous membrane, induces the allo-
geneic T cell activation at the onset of acute GVHD and
also attacks target cells directly. The current concept of
the mechanism of T cell activation and the role of dif-
ferent cytokines are described in detail elsewhere [37,
38, 53]. 

Several approaches have been designed to reduce
the incidence of acute GVHD. The effect of donor T
cells on the development of this disease has already
been underscored, so the most frequent ways to prevent
GVHD are ex vivo removal of defined subsets or the
entire T cell population from the marrow graft [36, 37,
149] or post-transplant immunosuppression by gluco-
corticoids [37], CY [69], cyclosporin A [20, 37], rapa-
mycin [14, 29, 158], or methotrexate [11, 37]. Different
alternative approaches to preventing experimental
GVHD were also described: the use of specific mono-
clonal antibodies which inhibit donor T cell expansion
[149], the administration of some cytokines (IL-4, IL-11,
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IL-12) or inflammatory cytokine inhibitors [37], the
addition of immunoregulatory cells inhibiting the devel-
opment of GVHD (CD4+CD25+ regulatory T cells, reg-
ulatory dendritic cells, γ (δ) T cells, NK cells, veto cells,
mesenchymal stem cells) [2, 4, 28, 36, 55, 61, 62, 109,
113], and therapy with specific immunosuppressive
agents, such as T helper 1 inhibitor [68]. The critical role
of host antigen-presenting cells in the development of
the disease was already mentioned and targeting of
these cells could therefore be a prospective strategy for
the suppression of GVHD [35, 75, 119]. Comprehensive
reviews discussing modern strategies of GVHD preven-
tion and treatment have also been recently published
[23, 24].

TYPE OF HEMATOPOIETIC CHIMERISM 
AND ITS ASSESSMENT

Full donor chimerism is the state where the donor’s
hematopoietic system has entirely replaced that of the
recipient (near to 100% of donor cells). In mixed chime-
rism (also referred to as macrochimerism), both the
donor’s and the recipient’s cells coexist and are usually
detectable by flow cytometry analysis (between 1% and
100% of donor cells). Finally, if the donor’s stem cells
persist in the recipient at a low level, beyond the range
of flow cytometry operation but detectable by molecular
techniques, such a state is referred to as microchi-
merism (less that 1% of donor cells) [77, 144, 149]. In
spite of some differences between clinical and experi-
mental HSCT, in most mouse models stable mixed
hematopoietic chimerism is strongly associated with
both donor- and recipient-specific tolerance and higher
resistance to GVHD compared with full chimeras [1, 29,
69, 77, 149]. Immunological tolerance in chimeric mice
may be maintained by clonal deletion, anergy, or
through active suppression [69, 149]. Split chimerism,
the engraftment of only selected donor-lineage cells, is
also noted in mouse models of HSCT [138].

Earlier signs of engraftment in peripheral blood can
be obtained if molecular analysis is done using the poly-
merase chain reaction. Assessment performed up to one
month after HSCT can already provide evidence of
transient donor-recipient chimerism, but observation
periods of three months and longer have to be applied if
proof of long-term and stable engraftment is needed
(Shimon Slavin, Hadassah University Hospital, Israel,
personal communication). 

The extent of engraftment is assessed nowadays
mainly by FACS analysis of the recipient’s peripheral
blood, lymph nodes, and spleen. Depending on the
donor and recipient relatedness, MHC antigen-specific
anti-H-2 monoclonal antibodies [1, 8, 18, 22, 43, 64, 73,
116, 158, 159] or non-MHC antigen-specific ones, such
as anti-CD45, anti-CD5 or anti-CD90 [45, 52, 69, 97,
116, 146, 161], are applied to determine the percentage
of cells of donor origin among the whole population.
The expressions of these markers are lineage depen-

dent: CD5 and CD90 are suitable only for lymphoid
engraftment assessment, whereas CD45 is expressed on
all bone-marrow-derived cells except mature erythroid
cells [146]. Moreover, several appropriate biochemical
markers, mostly for erythroid engraftment, distinguish-
ing donor- from host-derived cells by electrophoresis
have also been described: glucose-phosphate isomerase,
hemoglobin, and carbonic anhydrase [18, 33, 34, 50,
145–147, 152]. In a number of recent studies dealing
especially with HSC homing and trafficking, the use of
HSC-expressed fluorescent markers obtained from
transgenic animals is reported. Such donor cells express-
ing green fluorescent protein [76] or another variant
[131] could be monitored in vivo and greatly improve
our understanding of HSC fate after transplantation.
Alternatively, donor HSCs from normal mice could be
labeled with fluorescent membrane linker dye [3, 51,
133]. The polymerase chain reaction is another highly
sensitive approach, capable of detecting even low levels
of chimerism [114, 157]. Among other methods used,
complement-dependent microcytotoxicity assay [125],
Southern blot [129], and fluorescent in situ hybridization
[19, 98, 114, 129] can also be noted. 

CONCLUSIONS

The success of HSCT is critically dependent on
a number of key factors, which we highlighted in this
review. First of all, there is no single population of
HSCs, but rather a diversity of overlapping subsets with
different degrees of maturity, self-renewal abilities, and
repopulative properties. Their engraftment kinetics and
impact on long-term reconstitution are not equal and
this fact should be taken into account. Similarly, HSCs
from the different sources available nowadays are also
distinct in their phenotypes and hematopoietic proper-
ties. The degree of histoincompatibility, inoculum cell
dose, and the intensity of the preparative regimen are all
interconnected and together have a strong impact on
the extent of engraftment, risk of graft rejection, and
GVHD incidence. Graft manipulations (T cell deple-
tion, ex vivo expansion, purification of HSCs) are also
important to consider. Among others, the age of both
donor and recipient, the status of gut flora, genetic dif-
ferences between HSC compartments in the strains
available, and the type of GVHD prophylaxis should
also be noted.

Summarizing, the entire process of HSCT could be
presented as a biological model with various, strongly
interrelated factors. A change in one variable most like-
ly results in changes in others. For example, to illustrate
this concept, an increase in the preparation regimen
intensity results in a higher degree of allogeneic engraft-
ment, but also provokes GVHD. T cell depletion
decreases GVHD incidence, but also increases the risk
of graft rejection. The possibility of rejection can be low-
ered by increasing the HSC dose transplanted or by
a further increase in the preparation regimen intensity,
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and so on. Finally, different endpoints are important for
the HSCT model and could be used in its assessment:
survival rate, incidence of GVHD, the speed and extent
of engraftment, lymphoid and myeloid reconstitution,
immunological tolerance development, and the fre-
quency of graft rejection.

The first mouse model of HSCT was developed
more than 50 years ago. During the past decades of
intensive research we have gained much knowledge
about the biological basis of the engraftment process in
mice, transplantation benefits and complications, and
the possibilities of using this model in experimental
models preceding clinical trials in humans. However,
there are still many issues of debate in this area and we
hope that this paper can help to point towards further
directions for research.
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