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SUMMARY

In vivo models of patient derived leukemias are utilized using immunodeficient mice that provide engraftment of xeno-
-transplanted leukemic cells without their rejection. Despite the achievement of considerable immunosuppression in
the latest immunecompromised mouse, engraftment of patient samples is still not always possible or does not fully
@ reflect the original disease characteristics. This points to the presence of inter-species differences in the hematopoietic
niche. In order to improve engraftment options, a valid proposition is to model the human niche in mice. In recent
years, this has been performed by adopting an osteogenic approach already used in bone-regenerative medicine and
based on using a suitable biomaterial along with mesenchymal stromal cells capable of bone-formation. The review
aims to present and discuss works describing leukemic engraftment in a hybrid-mouse model containing a humanized
microenvironment and to point out important details and possible future directions of this research.
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Inkorporace humanizované tkané jako strategie pro zlepseni uchyceni leukemie v imunodeficientni mysi

Pro in vivo modely leukemii odvozenych z klinickych vzorkd pacientl Ize vyuzit imunodeficientni mysi, které
umoznuji uchyceni leukemického Stépu bez jeho odvrzeni. Navzdory tomu, Ze bylo v imunokompromitovanych
mysich kmenech dosazeno zna¢ného potlaceni imunity, neni uchyceni leukemickych bunék mozné u vsech vzorkd,
nebo ve vysledku nemusi uchycené bunky odpovidat plvodni charakteristice nemoci v ddsledku mezidruhovych
rozdilG v hematopoetickém prostredi. Moznosti, jak dosdhnout lepsiho uchyceni, je proto vytvofit ve zviteti pfimo
lidské mikroprostredi. Toto bylo v nékolika poslednich letech provedeno pomoci pristupu pouzivaného pro tvorbu
nové kosti, pfevzatého z regenerativni kostni mediciny, kde se vyuzivd vhodného biomateridlu a mezenchymalnich
stromalnich bunék schopnych tvofrit kostni tkan. Zamérem této prehledové prace je predstavit a rozebrat studie
popisujici uchyceni leukemie v modelu hybridni mysi obsahujici lidské mikroprostiredi a rovnéz poukazat na dilezité
detaily a dalsi potencionalni smérovani tohoto vyzkumu.
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INTRODUCTION

Invivo models of leukemias are an invaluable study
tool, as they enable the best approximation of the si-
tuation in a patient’s body and the testing of specific
processes in a complex organism in contrast to the
isolated conditions in vitro. Animal experiments may
focus on observation of rather simple processes, e.g. en-
graftment of primary leukemic cells, or they may speci-
fically focus on detailed investigation of specific targets
and pathways, where the animals and/or injected cells
are subject to complex modification, e.g. introduction
of individual leukemogenic mutations into healthy
hematopoietic stem cells (HSC) or short-hairpin-RNA
(shRNA) mediated knockout of a specific oncogenic
pathway [1, 2]. Moreover, in vivo models provide an
irreplaceable tool in preclinical testing of therapeutics
for which invitro tests are not (completely) adequate, e.g.
immunotherapeutics, pro-drugs, drugs acting via the
CXCR4/CXCL12 axis, antiangiogenic drugs etc.

Immunodeficient mice currently represent a stan-
dard assay for studying the engraftment of primary
leukemic cells obtained from patient samples [3, 4].
Although successful engraftment of primary leukemic
cells is usually achievable, it has been shown that the
murine microenvironment is still not a perfect substi-
tute for the human hematopoietic niche. For example,
even the latest mouse models are not capable of correct
recapitulation of complex clonality in acute myeloid

leukemia (AML) or even of providing satisfactory en-
graftment success rates and disease recapitulation in
the case of chronic lymphocytic leukemia (CLL) [5-7].
Therefore, one of the obvious options for improvement
is to provide a functional human microenvironmentin
the mouse recipients, as has been already demonstra-
ted with the subcutaneous implantation of 3D porous
biomaterials covered with human mesenchymal stro-
mal cells (MSC) that create a bone- or bone-marrow-
-like human tissue supporting the engraftment of
hematopoietic and leukemic cells [8, 9]. This concept of
bone formation has been widely documented in bone-
-regenerative medicine. However, research on hybrid
mice bearing ectopic bones is still rather uncommon
and thus this review details and discusses this new
promising research trend.

The discussion in this work focuses on myeloid
malignancies and multiple myeloma, as to authors’
knowledge other types of hematological malignancies
have not been studied using this model of hybrid mouse.
Although, for example in the case of CLL with its high
bone marrow (BM) microenvironment-dependency, the
use of this or similar models is probably only a matter
of time.

Applicable biomaterials
The basic purpose of the use of biomaterials in bone-
-regenerative medicine is to heal severe bone fractures
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Figure 1 Macroscopic (left) and cross-section microscopic view obtained by scanning electron microscopy (SEM) (right) of a collagen based

scaffold material

(SEM photography re-edited according to ref. 12)
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and/or shorten patient recovery time. There is a con-
sensus on the basic parameters of these materials
- presence of interconnected macropores, approxima-
tely in the range of 200-400 pm and the presence of
micropores below 20 pm which have been shown to
be essential in multiple works [10-12]. Probably the
most straight-forward scaffold material in this case
is the natural bone component - calcium phosphate,
which is most often used in both its less bioactive form
of hydroxyapatite and its better resorbing form of -
-tricalcium phosphate (TCP). Further materials also
include biopolymers, such as collagen and fibrin and
synthetic polymers, for example poly (lactic acid) or
polycaprolactone (see Fig. 1) [12, 13]. Combination of
materials (for example polycaprolactone and calcium
phosphate) can be beneficial and may provide even
better mechanical and biological properties of the re-
sulting matrix [14, 15]. Furthermore, incorporation of
various soluble growth factors, gradually released from
the material, can provide a wide spectrum of study opti-
ons. For example, bone morphogenetic proteins (BMP)
or vascular endothelial growth factor (VEGF) have been
shown to induce more profound bone formation and
vascularization [16]. The listing of all the applicable
materials and their modifications is not the aim of this
work, but it should be pointed out that for human bone
regeneration, material strength and biodegradability
play an importantrole, whereas in the case of the hyb-
rid-mouse these two parameters are rather irrelevant.
Also, the use of MSC in human regenerative medicine
represents a significant regulatory obstacle, whereas
in the hybrid-mouse model it is not limited and cells
may even be subject to further genetic modifications.

Mesenchymal stromal cells

In the case of hybrid mouse model development,
MSC are used for their osteogenic potential, although
their differentiation capabilities also include chondro-
genic and adipogenic lineage [17]. MSC have been found
in most tissues, however their extraction is mainly
performed from bone marrow or adipose tissue and
cord blood. Since no specific surface antigen has been
characterized, the basic identification of these cells is
defined as:
1. adherence to plastic in tissue cultures,
2. ability to differentiate into the three lineages,
3. and the expression of CD105, CD73, CD90 antigens
and simultaneous lack of markers defining other cell
populations - CD45, CD34, CD14 or CD11b, CD79alpha
or CD19, and HLA-DR [18].

Nevertheless, with increasing knowledge, it is be-
ing shown that MSC of diverse origin may also present
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Figure 2 Example of scaffold implantation onto the back of a NSG
mouse

The arrows show the approximate subcutaneous location of the
matrices.

Figure 1and Figure 2 attached as .tif files. Copyright agreement for
Figure 1 attached as .pdf. file.

different phenotypes, not strictly abiding to the for-
merly proposed definition [17].

Engraftment of hematopoietic or leukemic cells
in hybrid mice

In one of the published approaches, formation of
humanized microenvironment was based on calcium
phosphate matrices in the form of 2-3 mm particles
seeded with 0.2 million MSC each [11, 19]. To prime the
cells for osteogenic lineage, the seeded scaffolds were
cultured for7 days in osteogenic medium and then im-
planted on the backs of nude Hsd-cpb:NMRI-nu mice
[19]. The creation of new humanized bone-like tissue
was subsequently confirmed by histological analysis,
where after six weeks the tissue on the implanted
constructs formed bone layers with present hemato-
poietic and fat cells. The model was further evaluated
by engraftment of primary multiple myeloma (MM)
cells, chosen as an ideal hematologic malignancy for
its strong dependence on the BM microenvironment
[8]. All7 MM patient samples were reported to engraft
in the ectopic niche and only one also showed parallel
engraftment in murine BM. Interestingly, the artifi-
cial bone populated by MM cells showed defects and
higher occurrence of osteoclasts, which corresponds
with the common pathology of this disease. Also, the
engrafted disease showed the same response/resistance
to therapeutic agents as observed in the patients. The
study thus confirmed the intended functionality of
the newly created ectopic bone, while reproducing the
original disease characteristics. The same model was
also assessed using cord blood CD34+ cells transduced
with BCR/ABLI and enabled propagation of leukemia,
while in unmodified NOD.Cg-Prkdc4I12rgi™¥i/Sz] (NSG)
mice, a second mutational hit besides the BCR/ABL1
incorporation was required [20]. The same study also
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showed that a primary blast crisis chronic myeloid leu-
kemia (BC CML) sample produced immature blast-like
cells in the scaffolds, while more mature cells were
present in the murine BM. This nicely demonstrates
the superior capacity of the hybrid mice for accurate
recapitulation of leukemia.

Another pioneering study published by Vaiselbuh et
al. tested the engraftment of primary AML sample/s and
was performed with synthetic porous polyurethane scaf-
folds [9]. Consistently with the previously mentioned
works, the MSC seeded matrices showed characteristics
of bone marrow tissue at eight weeks and when a leuke-
mia sample was injected into the blood stream, the leu-
kemic cells homed specifically into the scaffolds, while
no engraftment was observed in the native mouse tissu-
es when analyzed at 8 weeks. It was only at 4 months
thatleukemic infiltration was also present in the mouse
tissues. Another interesting observation of this study
was that large subcutaneous tumors developed after 4
months if the AML cells were injected directly into the
implantation sites. The tumors consisted almost exclu-
sively of human CD45 positive cells, and had no other
evident adverse effect on the animals. Since the authors
presumably used only one AML patient sample, it would
be very interesting to show if a wider variety of samples
shows selective homing to the humanized niche after
i.v. injection as AML is otherwise known to commonly
engraft normal non-implanted NOD.CB17-Prkdc*“ (NS)
mouse recipients, as those used in this study. Similarly,
it would be interesting to test whether the solid tumor
formation seen with this model is a sample or disease
specific characteristic and to get more insights on this
process. On the cellular level, this study provided an
observation, which nicely corresponds to the current
understanding of quiescent leukemic stem cells - na-
mely that they are protected by the niche. The authors
here found that many of the AML cells maintained
tight contact with the MSC and showed negativity for
mitosis staining, while other non-adjacent AML cells
were positive for mitosis staining. Moreover, a repea-
ted injection of SDF-1a into the implantation sites sho-
wed a positive effect and dramatically increased MSC
proliferation, forming thick layers with more adjacent
AML cells. On the contrary, plerixafor (CXCR4 antago-
nist) treated scaffolds were covered only with a thin and
disrupted stromal lining. Control untreated scaffolds
also showed a thin but compact MSC layer, however
with fewer leukemic cells than the SDF-1a treated ones.
This finding may indicate that SDF-1a may actually be
used as an agent to support or even accelerate tissue
formation on the scaffolds and may deserve further
attention.

Averyunique scaffold design was applied by Nichols
etal. whoused fabricated polyacrylamide hydrogel scaf-
folds coated with collagen and designed to maintain
a defined and uniform spatial geometry [21]. In the ini-
tialinvivo study, the authors interestingly used an app-
roach where they implanted the scaffolds with feeder
cell lines already seeded with CD34* cells. However,
this method was abandoned in the following work,
where classic seeding with MSC was adopted and
HSCs were injected only after the development of the
bone-like tissue invivo on the matrices, perhaps indi-
cating worse performance of the former method [22].
Nevertheless, in both cases, the scaffolds were shown
to develop vascularity and supported engraftment
of HSCs as well as of an erythroleukemic cell line
TF-1a. Importantly, the work demonstrated a challen-
ging, but very beneficial technical solution whereby
the processes inside the live scaffolds were observed
by intravital microscopy, showing how the leu-
kemic cells adhered to the vasculature after their
injection.

A further unorthodox approach to the creation of
human bone-like tissue in mice was presented in ano-
ther study. Itin fact omitted the use of a solid scaffold
and instead a subcutaneous injection of mesenchymal
and endothelial cells mixed with matrigel, a gelling
protein mixture, was used, without prior osteogenic
priming [23]. The formation of bone in the NSG mice
was then observed with microcomputed tomography,
further enhanced by invivo staining with a fluorescent
hydroxyapatite targeting agent. After 8 weeks, a bo-
ne-like tissue with trabecular structure was present
at the injection site. Contrary to previous studies,
engraftment of human CD45 positive cells derived
from injected healthy BM mononuclear cells (MNC)
could be seen in both the mouse femurs and the ectopic
human niches at the same time, at 4 and 11 weeks.
The ectopic bones were further tested by injection of
the Luc-GFP transfected AML cell line MOLM13, which
was injected 6 weeks after introduction of the bone
forming mixture. After a 2 week incubation period,
infiltration could be detected in the spleen and liver
with ample infiltration and severe hypoxia detected
in the femurs and also the extramedullary bones. The
role of hypoxia was further elegantly assessed by im-
planting MSC with the shRNA-silenced HIF-1a gene,
a hypoxia response mediator, into one flank of the
mice and control MSC into the opposite flank of the
same mouse. This resulted in 50% less engraftment
in the modified ectopic niche and was suggested to be
aresult of an observed 30% lower expression of SDF-1a
measured in the modified MSC.
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CONCLUSIONS

The implementation of a humanized niche into mi-
ce recipients appears to be a new promising approach
for obtaining a model capable of faithfully simulating
a patient’s leukemia. The reviewed works showed an
almost uniform approach - using MSC based extrame-
dullary bone creation. However, since hematopoiesis
is active not only in bone marrow but also in the liver
and spleen, the question remains whether specific mo-
deling of bone or bone-marrow environment is in fact
crucial, or whether there is a simpler general stromal
structure that would be perfectly sufficient for this
purpose. An answer to this question will only become
available with a more profound understanding of the
hematopoietic niche, its composition and functioning.
However, this is not available at this time.

When considering the described engraftment of
leukemic cells, the primary MM and AML samples
showed specific homing to the introduced niches,
as described in the first two works. Of the MM sam-
ples, only one aggressive relapse/refractory sample
engrafted also in the murine BM. Engraftment of
the primary AML sample in the other study was pre-
sent in mouse BM only after a long time (in contrast
to the ectopic niches). It should be noted that these
two studies employed non-irradiated mice, while in
the other studies where engraftment was shown in
both ectopic niches and mouse BM the mice had been
irradiated before the studied cells were injected. It is
therefore questionable, whether the non-irradiated
hybrid mouse can distinguish the most aggressive
samples in this manner.

Based on the summarized data, the most impor-
tant features of the presented hybrid-mouse model are
that it allows a more faithful simulation of patient
leukemia than the current immunodeficient mouse
strains and that it provides the possibility of targeted
modification and study of the hematopoietic niche.
It will therefore be interesting to see what further
discoveries this model brings; although its truly wi-
despread use is not expected given its level of technical
complexity.
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