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Abstract
Objective—Review murine xenotransplantation models for myelodysplastic syndromes (MDS).
Materials and Methods—L.iterature review, experimental strategies

Results—The difficulties in achieving sustained engraftment of MDS cells in immunodeficient
mice may lie in innate characteristics of the MDS clone(s) and microenvironmental factors.
Engraftment of very low numbers of CD45+ clonal MDS cells has been achieved with intravenous
(IV) injection; higher rates of engraftment are obtained via the intramedullary route. Co-injection
of certain stroma components with hematopoietic cells overcomes limitations of IV
administration, allowing for engraftment of high proportions of human CD45+ cells in mouse
spleen and marrow. Expression of CD146 on stroma cells conveys an engraftment-facilitating
effect. Clonal MDS cells have been propagated for periods beyond 6 months and have been
transplanted successfully into secondary recipients.

Conclusions—Engraftment of human clonal MDS cells with stem cell characteristics in
immunodeficient mice is greatly facilitated by co-injection of stroma/mesenchymal cells,
particularly with 1V administration; CD146 expression on stroma is an essential factor. However,
no model develops the laboratory and clinical features of human MDS. Additional work is needed
to determine cellular and non-cellular factors required for the full evolution of MDS.
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Introduction

Myelodysplastic syndromes (MDS) are clonal diseases of hematopoietic stem/precursor
cells. The incidence in the United States has been estimated at 3.5-12.6/100,000 per year
[1-3], but the incidence increases with age, reaching 30-50/100,000 per year in persons
older than 70 years, a population in whom it may be the most frequent hematologic
malignancy [2,3]. The average age at diagnosis in North-American and European patients is
in the eighth decade of life but is lower in Asian patients [4-9]. MDS is characterized by
ineffective hematopoiesis, and patients generally present with single or multilineage blood
cytopenias. The prognosis varies greatly. In approximately one-third of patients, MDS will
evolve to acute myeloid leukemia (AML) — hence the historical terms pre-leukemia or
smoldering leukemia — while in the remaining patients declining marrow function and
failure, resulting in severe anemia, infections and hemorrhagic complications, are the most
frequent scenarios [10,11]. The cellular and molecular pathophysiology of MDS has been
investigated extensively over the past decade, and important insights have been gained into
disease mechanisms, leading to functional sub-classifications of this heterogeneous group of
disorders. The identification of various somatic mutations in humans and the respective
genetic modification of murine hematopoietic stem/precursor cells (HSC) has led to the
development of murine MDS models that mimic many aspects of human MDS [12-14].
Additional strategies for model development include the treatment of mice with known
mutagenic or carcinogenic agents [15,16] to induce a murine disease that may mimic the
human disorder or to utilize immunodeficient mice that accept the implantation/injection of
human tissue/cells and allow for in vivo propagation, i.e. xenotransplantation [17-19].

In vivo investigations of human MDS, however, have remained challenging. While several
murine xenotransplantation models of MDS have been developed, the propagation of
CD34+ cells derived from the marrows of patients with MDS, in contrast to cells from
patients with AML [20,21] has proven difficult [17,18,22,23]. Consistent with those
observations is the fact that very few, if any, MDS-derived myeloid cell lines that do not
require growth factor support have been established [24-27]. The reasons are not entirely
clear but may be related to the prominent tendency of CD34+ MDS cells to undergo
“spontaneous” apoptosis that is modified by signals from the microenvironment, which
profoundly affects regulation of hematopoiesis [28-35]. Thus, if components of the
microenvironment support hematopoiesis and interfere with apoptosis, one approach to
enhance the success of xenogeneic transplantation would be to incorporate those elements
into the transplant approach. We will review currently described murine xenotransplantation
models of MDS, assessing the role of growth factors and stroma or mesenchymal cells
(MSC) in maintaining the human hematologic malignancy in murine hosts.

Murine xenotransplantation models of MDS

In vivo models of human diseases offer many advantages over in vitro studies by allowing
longitudinal observations and possible treatment interventions in an environment closer to
the human in vivo situation than in vitro experiments. However, as indicated already,
propagation of clonal CD34+ cells derived from the marrow of patients with MDS has
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proven difficult [17,18,22,23]. Table 1 summarizes several published murine
xenotransplantation models of MDS.

1. Xenotransplantation without stroma support

Nilsson et al. reported on transplantation of human CD34+ cells from 7 patients with MDS
whose karyotypes all contained deletion of the long arm of chromosome 5 (5g-) into NOD/
SCID mice irradiated with 350-375 cGy. Only mice receiving CD34+ cells (7 x 10°) from
one individual patient showed engraftment of intravenously (IV) injected cells, showing up
to 12% CD45+ human cells in bone marrow [23]. The same investigators then reported
transplantation of CD34+ CD38- cells from patients with early stage MDS, all with
karyotypes containing trisomy 8 (+ 8), and none showed engraftment [18]. Our own earlier
studies showed that non-obese diabetic/severe combined immunodeficient (NOD/SCID)
mice irradiated with 350-375 cGy and transplanted with 1V injected MDS marrow allowed
for long-term propagation of normal but not clonal MDS cells, suggesting that the NOD/
SCID environment was not conducive to the expansion of clonal MDS precursors [22].
Thanopoulou et al. reported engraftment of neoplastic cells with multi-lineage potential
from patients with MDS in NOD/SCID mice, which also had 2 microglobulin deleted
(NOD/SCID-B2~/~ mice), and in four cases the regenerating cells in recipient mice showed
the same clonal markers as the original MDS samples [24]. Importantly, these
immunodeficient mice were, in addition, transgenic for the human hematopoietic growth
factors interleukin-3 (IL-3), granulocyte-macrophage colony-stimulating factor (GM-CSF)
and steel factor (SF), the relevance of which was stressed more recently in a report by
Takagi et al. [25]. The authors suggested that the genetic alteration of MDS clonal cells may
affect patterns of differentiation and responsiveness to hematopoietic growth factors, and
that NOD/SCID-B2m™~ mice would be superior to NOD/SCID mice for xenotransplant
experiments [24].

2. Xenotransplantation with stroma or mesenchymal stem cell support

Hematopoietic stem cells are maintained by biochemical and physical contextual signals
from the microenvironment consisting of osteoblasts, mesenchymal/stroma cells, endothelial
cells, pericytes, and macrophages, in addition to matrix structures and soluble factors
[29,30,30,36-38]. Specifically, two distinct microenvironmental structures have been
described, the subendosteal and the vascular niches [30,38]. Disruption of components of the
niches will alter hematopoiesis. For example, Raaijmakers et al. showed that deletion of
Dicer 1 in murine osteoblast progenitors resulted in the development of dysplastic murine
hematopoiesis [29]. Others showed that in the presence of clonal MDS cells marrow stroma
may exhibit abnormal gene expression and function [39,40]. Those data support the concept
that the microenvironment is essential both in normal and in pathological hematopoiesis and
show that bi-directional signals between hematopoietic cells and the microenvironment
affect hematopoiesis.

Working with two established stroma cell lines, HS5 and HS27a, derived from a healthy
marrow donor [41], we showed in an in vitro co-culture system that apoptosis-resistant
clonal MDS progenitors from patients with advanced MDS acquired sensitivity to apoptosis
induced by TNFa following stroma contact [42-44]. However, hematopoietic precursors
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that remained adherent to stroma remained viable [43,45]. Strikingly, normal hematopoietic
precursors did not become sensitive to apoptosis upon stroma contact [43,44]. Based in part
on these in vitro observations, Kerbauy et al. used NOD/SCID-B2m™~ mice conditioned
with total body irradiation of 325 cGy, and showed engraftment of distinct clonal MDS-
derived hematopoietic precursors when stroma cells (HS5 and HS27a cells combined) were
co-injected via the intramedullary (IM) route; the proportion of human cells in peripheral
blood, determined at 4 to 17 weeks was 0.7%-58.4% (median 8.9%) [17].

More recently, Muguruma et al. injected bone marrow CD34+ cells from patients with MDS
(or AML), together with or without human mesenchymal stem cells, into the medullary
space of NOD/SCID mice with deletion of the T cell receptor A chain (NOD/SCID/IL2Ry~/~
[NOG]) mice irradiated with 250 cGy [46]. The CD34+ cells were obtained from six
patients with MDS and eight patients with AML with various cytogenetic abnormalities,
including -7, +8 and complex abnormalities [46]. Cells from 3 of 6 MDS patients engrafted
in the bone marrow of NOG mice that received co-injections of mesenchymal stem cells.
The proportion of CD45+ human cells observed in murine marrow ranged from 0.15% to
88.92% [46]. Co-injection of stroma cells derived from sites other than marrow or non-
stromal cells failed to facilitate engraftment of MDS-derived cells. Human cells harvested
from successfully engrafted primary murine recipients did not require the intramedullary
route of injection for engraftment in secondary and subsequent transplant recipients [46],
consistent with reports by others that cells from patients with AML also exhibit great
heterogeneity, and some clones will engraft readily in immunodeficient mice [20,21].
Presumably, engraftment in the primary recipient selected for those clones (sub-clones) that
did not require additional signals for propagation.

HS5 and HS27a, two marrow stroma cell lines derived from the same healthy donor that
were used in our experiments, had been shown in previous studies to exhibit strikingly
different gene expression profiles and functions [41,47]. Specifically, HS5, a rich source of
cytokines, supports the growth of more mature colony-forming cells, while HS27a, which
expresses various adhesion molecules, interacts directly with very primitive hematopoietic
cells and favors the out-growth of cobblestone areas, a model as close to stem cell
assessment as we can assay in vitro [41]. We hypothesized, therefore, that HS27a cells also
would be more potent in supporting primitive clonal MDS precursors [19] and speculated
that the close adherence between HS27a cells and hematopoietic cells might allow for
successful engraftment even with IV injection. Thus, either HS5 or HS27a cells were mixed
and co-injected intravenously with MDS marrow-derived hematopoietic cells into Nod.cg-
Prkdcscid H2rgtm1wjll (NSG) mice irradiated with 275 cGy. In clear distinction, HS27a, but
not HS5 cells, facilitated engraftment of clonal MDS cells [19]. The proportion of CD45+
human cells in mice followed for up to 4 months ranged from 0.1% to 30.3% in bone
marrow, and from 0.1% to 73.2% in the spleen. The multipotency of the transplanted cells
was illustrated by the differentiation into CD33*, CD19*, CD14" and CD3* lineages. Cells
harvested from marrows and spleens of the primary recipients were transplanted
successfully (together with HS27a cells) into secondary recipients and continued to show the
clonal cytogenetic characteristics of the patient after an overall propagation time in murine
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recipients extending beyond 6 months, in strong support of the stem cell-like self-renewing
capacity of the transplanted clonal cells.

Additional data show that the glycoprotein termed “melanoma cell adhesion molecule”
(MCAM/CD146), previously identified as a marrow niche marker [48-50], is highly
expressed on HS27a but not HS5 cells, suggesting a direct link of CD146 to engraftment and
survival of the clone(s). CD146 was originally identified as a tumor marker for melanoma,
but recent work shows that CD146 is involved in various physiologic processes, such as
development, signal transduction, cell migration, mesenchymal cell differentiation and
angiogenesis [51]. MSCs with greater differentiation potential express higher levels of
CD146 on the cell surface [52]. Corselli and colleagues showed that sorted CD146+ (but not
CD146 negative) perivascular cells supported propagation of human hematopoietic stem
cells with long-term reconstituting potential that engrafted in immunodeficient mice and
could be serially transplanted [53]. Data from our own studies show that over-expression of
CD146 in HS5 cells conveys engraftment-facilitating functions to HS5 cells similar to those
of HS27a, apparently by providing a favorable microenvironment to support the survival of
CD34" clonal MDS cells in NSG mice [19]. Conversely, knock-down of CD146 in HS27a
cells reduced their ability to support MDS cell propagation. Crisan et al., who had shown
previously that in many organs perivascular cells, principally pericytes, expressed CD146,
then demonstrated that CD146™ cells supported the long-term persistence of hematopoietic
cells through cell-to-cell contact, and at least partly via Notch activation [54]. This is of
note, as Pinnix et al. showed in primary melanocytes that CD146 was a direct target of
Notch signaling by identifying two high-affinity binding sites within the CD146 promoter
[55]. Both anti-Notchl antibodies and inhibition of y-secretase, required for Notch signaling,
inhibited the CD146-mediated hematopoietic stem cell support by CD146+ cells [56]. A role
of CD146+ stromal progenitors is further suggested by the fact that they physically associate
with reticular cells, and express CXCL12 and multiple other gene products implicated in
hematopoietic stem cell regulation [50]. It was of note in our experiments that CD146+
HS27a cells injected by themselves (without hematopoietic cells) were trapped in the lungs
and failed to reach either marrow or spleen. While CD146+ perivascular cells have been
shown to have potential for pulmonary repair [57], similar to stroma cells they are thought to
have no or only limited potential to migrate. The present observations indicate, however,
that stroma cells are able to travel in the company of hematopoietic cells, presumably due to
tight adhesion with those cells, similar to the recent documentation of fibroblasts traveling
with metastatic solid tumor cells [58]. Thus, this study demonstrates that human clonal MDS
cells are able to engraft in immunodeficient mice following IV injection if concurrently
specific stroma support is provided. The principle strategies underlying the various models
that have been described are illustrated in Figure 1.

3. MDS and marrow stroma

MDS can be cured by allogeneic hematopoietic stem cell transplantation [59], suggesting
that, generally, the microenvironment, including stroma, is structurally and functionally
intact- stroma cells remain of patient origin even after allogeneic hematopoietic cell
transplantation [60]. However, Elstner et al. showed that marrow from MDS patients formed
poor adherent stromal layers [61], which may affect proliferation of MDS precursor cells
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[62,63]. Also, long-term bone marrow cultures from patients with MDS revealed impaired
production of cytokines, such as IL-3 or hepatocyte growth factor [61,62,64—66]. The fact
that healthy donor HSC, nevertheless, engraft in the marrow of MDS patients provides
support for the concept that alterations in MDS stroma are dependent upon the presence of
clonal MDS cells and are reversible upon their elimination. While several signals provided
by stroma, including TWIST1-dependent down-regulation of p53 in clonal hematopoietic
cells and and interactiosn of CD54 and CD11b/CD18, have been identified [44], signals in
the reverse direction, from clonal hematopoietic cells to stroma, remain to be characterized.

In addition to CD146, the expression of several adhesion molecules, including VCAM-1,
CD166, and CD29, has been shown to be altered in MDS-derived mesenchemal/stroma
cells; how these abnormalities influence the pathogenesis of MDS is not clear at present
[39,67]. Sacchetti et al. defined CD146/MCAM-positive cells as an important subset of
stromal fibroblasts that contributes to the stem cell niche [50]. CD146/MCAM is expressed
at high levels in human bone marrow stroma cells that can be assayed as CFU-Fs [50].
Using HS5 and HS27a stroma cells, Pillai et al. showed that MCAM/CD146M HS27a cells
expressed significantly higher stroma-derived factor 1-alpha (SDF-1a/CXCL12) than
MCAM/CD146° cells (e.g. HS5 cells) [49]. Levels of SDF-1a, and the CXC chemokine
receptor 4 (CXCR4), which control homing, self-renewal and proliferation capacities of
hematopoietic cells [68—71], are decreased in MDS cell cultures, features that are associated
with reduced induction of migration of CD34* hematopoietic cells [39]. Co-cultures of
mesenchymal stromal cells from MDS patients with CD34* cells from healthy donors
resulted in reduced numbers of cobblestone area forming-cells and fewer colony forming
units compared to co-cultures with mesenchymal cells from healthy donors [39]. Further,
mesenchymal stem cells from MDS patients (across the entire MDS spectrum; n=106)
exhibit significantly reduced growth and proliferative capacities and show premature
replicative senescence, leading to a diminished ability to support CD34* hematopoietic
precursors in long-term culture-initiating cell assays. To the best of our knowledge, so far no
xenotransplant data have been reported that compared stroma/mesenchymal cells from MDS
patients to stroma/mesenchymal cells obtained from healthy donors for their capacity to
support clonal MDS cells in murine transplant recipients.

Concluding Remarks

Several murine xenotransplantation models of MDS have been developed. Currently, the
best suited recipients appear to be Nod.cg-Prkdcscid 112rgtmWill (NSG) mice. Intramedullary
injection of MDS cells results in engraftment of clonal MDS cells to various extents and is
enhanced by co-injection of mesenchymal/stroma cells, although engraftment appears to
remain confined to the bone into which the transplant occurs. Almost uniform success of
engraftment is achievable by the simpler intravenous route if hematopoietic cells are co-
injected with admixed stroma cells. One important characteristic of effective stroma cells
was the expression of CD146. Based on data on the relevance of CD146 presented by others
[50,53,54] this observation is in support of a central role of the vascular niche. The available
experiments do not allow conclusions specifically in regards to osteoprogenitors and the
subendosteal niche, although osteoblast progenitors have been shown in a model of murine
MDS to be involved in the disease process [29]. However, none of the mice in the models
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scribed here have developed clinical features of human MDS. Therefore, if these models

are to be further exploited, particularly in regards to therapeutic manipulations, additional
modifications of the mice, possibly in the form of a “humanized” murine recipient, will be

ne

cessary.
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Localization in mice

i Bone
Cells injected Route Spleen Lungs

Marrow
HSC i.m.

HSC
MSC or Stroma
(HS5; HS27a)
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Figure 1.
Strategies for MDS xenotransplantation models.

Abbreviations: i.m. = intramedullary; i.v. = intravenous; HSC = hematopoietic stem/
precursor cells from MDS marrow; MSC = mesenchymal stem cells; HS5 = human stroma,
CD146 negative; HS27a = human stroma, CD146 positive; [] = very few human cells
identified in recipient mice. The mouse strains used are described in the text.

ZINo stroma cells identified. HSC only in the bone into which they were injected.
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