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Abstract: Cellular senescence is recognized as a dynamic process in which cells evolve and adapt in a
context dependent manner; consequently, senescent cells can exert both beneficial and deleterious
effects on their surroundings. Specifically, senescent mesenchymal stromal cells (MSC) in the bone
marrow (BM) have been linked to the generation of a supporting microenvironment that enhances
malignant cell survival. However, the study of MSC’s senescence role in leukemia development has
been straitened not only by the availability of suitable models that faithfully reflect the structural
complexity and biological diversity of the events triggered in the BM, but also by the lack of a
universal, standardized method to measure senescence. Despite these constraints, two- and three
dimensional in vitro models have been continuously improved in terms of cell culture techniques,
support materials and analysis methods; in addition, research on animal models tends to focus
on the development of techniques that allow tracking leukemic and senescent cells in the living
organism, as well as to modify the available mice strains to generate individuals that mimic human
BM characteristics. Here, we present the main advances in leukemic niche modeling, discussing
advantages and limitations of the different systems, focusing on the contribution of senescent MSC to
leukemia progression.
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1. Introduction

Since Schofield drew up his theory about the existence of a physical hematopoietic
niche that drives the hematopoietic stem cell (HSC) fate [1], the possibility of some kind
of fostering between niche components and cancer development has been envisaged. The
HSC niche is currently described as an intricate and interconnected system composed of a
large number of cell types that supply a plethora of biochemical signals essential for the pro-
duction, regulation and maintenance of blood components [2–4]. The cellular composition
and properties of the niche varies between endosteal (peripheral), and vascular (medullar)
locations in the bone marrow (BM), both differentially controlling HSC functions, i.e., main-
taining the HSC and progenitors’ pool, preserving quiescence, regulating differentiation
and supporting regeneration during homeostasis and stress hematopoiesis [5].

In general terms, the available data indicate that alterations in the BM microenviron-
ment can modify the signals received by stroma cells, which, in turn, can induce novel
signals that support the expansion of altered hematopoietic cell subsets that eventually
become more frequent and damaging [6–16]. The nature of those signals and the exact
contribution of each component in the modification of the BM microenvironment are still
unclear. What is known, however, is that the microenvironment characteristics are highly
dependent on the dynamics of the niche cell populations (turnover kinetics, physiological
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state, mutation accumulation rate, among others) [17]. On the other hand, the cross-talk
between the niche components implies that an abnormal cell population may also re-
design the microenvironment in its favor [14,17,18]; for instance, the experimental evidence
highlights the role of non-hematopoietic BM stromal elements in leukemia initiation and
progression [19–22].

In the BM, mesenchymal stromal cells (MSC) are major and relevant components of the
HSC niche, with some of them retaining their colony-forming potential and self-renewal
properties; they also have the ability to differentiate into osteogenic, condrogenic and
adipogenic lineages. In addition to their proliferative and differentiation potential, MSC
are able to modulate neighboring cells behavior through direct contact and paracrine and
immunomodulatory signaling [23–30]. However, MSC proliferation capacity is limited
and during aging, the phenotype and functions of these cells change (reviewed by [31]),
leading to a senescent state characterized by increased oxidative stress, dysfunction of
regulatory factors, impairment of migratory and homing abilities, metabolic dysregulation
and changes in their secretome composition. These senescent features have been related to
decreased MSC immunomodulatory functions [32] and with the promotion of proliferation
or migration of leukemic cells [18,32].

Leukemic stem cells (LSC) share several biological features with HSC, but mainly
differ in the impaired regulation of signaling pathways controlling proliferation, survival
and invasion [33]; they are considered a major cause of relapse in acute myeloid leukemia
(AML) [34]. LSC are characterized by their ability to engraft immunocompromised mice,
and the frequency of leukemic clones has been associated with clinical outcome [35]. LSC
expansion is favored at the expense of normal hematopoiesis in the BM leukemic niche,
where the proliferation and differentiation capacity of MSC is also eased [36–38].

Niche factors, such as osteopontin, CXCL12 and cytokines secreted by MSC, os-
teoblasts and endothelial cells may induce migration of LSC, activate signaling pathways,
promote cell proliferation, and inhibit apoptosis. Niche factors can also activate LSC intrin-
sic self-renewal pathways, enhancing LSC survival as it occurs in AML [39] or predispose
pre-leukemic cells to transformation by increasing DNA damage, as has been suggested for
acute lymphocytic leukemia (ALL) [40,41]. Moreover, expression of these niche factors is
modulated by the functional state of the cells in the BM microenvironment (i.e., develop-
mental stage, inflammation, redox balance, metabolic and signaling pathways, senescence,
among others).

Interestingly, healthy MSC co-cultured with B cell acute lymphoblastic leukemia
(B-ALL) cells show senescent hallmarks that are similar to cultured MSC isolated from
leukemic patients [30]. Moreover, several studies have shown the key role that senescent
stromal cells have on remodeling the normal hematopoietic niche into a pro-leukemic
one, as well as on chemotherapy resistance, relapse and residual disease in different
leukemic models [18,30,42–48]. Cellular senescence is defined as the irreversible arrest
of normal cell proliferation [49] or the stable arrest of diploid, normal cell proliferation
and the cell inability to express genes required for proliferation, even in a pro-mitogenic
environment [50]. Recently, cell senescence has been considered as a much more dynamic
process in which senescent cells properties change, evolve and adapt in a context dependent
manner (reviewed by [51,52]), with differential effects on their surroundings. In addition,
tumor cells can be induced to a senescent state as a result of chemotherapy treatments;
interestingly, some of these cells are able to escape senescence, become more aggressive,
have a greater capacity to boost tumor growth than before the treatment, and also acquire
features of cancer stem cells (gene expression patterns, signaling pathways activation
and cytokine profiles), which provides experimental evidence that supports the role of
senescence as a factor in cellular reprogramming and plasticity [53–56].

Senescence is induced by several types of stress (telomere attrition or DNA damage, in-
flammation, oxidative stress, mitochondrial malfunction and oncogenic stress) that trigger
the activation of p16INK4A/Rb or p53/p21CIP1 signaling pathways. Phenotypically, it is
characterized by changes in chromatin organization and gene expression that dramatically
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modify metabolic and secretory features in cells [57], resulting in a proinflammatory cy-
tokine profile known as the senescence associated secretory phenotype, or SASP (reviewed
by [58]). Normally, senescence works basically as a mechanism for tumor suppression and
wound healing; however, it also can contribute to malignant hematological disorders by
favoring the survival of LSC in the BM (reviewed by [59,60]).

In order to study these phenomena, and because of the dual role of the niche in
regulating normal and malignant hematopoiesis, a rigorous assessment of the BM cell
population diversity and the molecular mechanisms of MSC senescence are required
to enable assays where alterations in niche cells can be experimentally tuned, and the
consequences on HSC maintenance and leukemic stem cell (LSC) development can be
determined. However, the understanding about cells and factors controlling human normal
and malignant hematopoiesis in the BM remains limited, due the difficulty of modeling
cellular relationships in the human system. Because of this, the knowledge about HSC
biology and the contribution of altered MSC to cancer progression is mainly based on
in vitro and in vivo murine models that have been extensively used in order to examine
the physiology and relationships among BM niche cells and their role on HSC and LSC
expansion [5]. In this context, but on a minor scale, other animal models have also been
used [61–64]. {Fang, 2018 #184; Klinkhammer, 2014 #260; Lee, 2016 #53; Pan, 2019 #67}.

In this review, we present recent advances in leukemic niche modeling, discussing
advantages and limitations of in vivo and in vitro systems. We focus on the contribution
of senescent MSC to leukemia progression in these models. Understanding the role of
senescent MSC in leukemia development may be useful to identify new therapeutic strate-
gies to limit malignant cell survival and reduce treatment resistance, even by remodeling
the surroundings toward a pro-normal microenvironment that is able to neutralize the
leukemic niche influence and to restore HSC functioning.

2. Two-Dimensional and Three-Dimensional In Vitro Models

The design of accurate in vitro models is a compulsory tool for basic research; the
in vitro studies enable comparisons among different cell types, donors or donor´s ages;
they also have the advantage of allowing direct cell manipulation, controlling most experi-
mental variables, studying isolated responses and facilitating quantitative analysis. These
models for cancer research vary in complexity, ranging from tumor-derived cell lines to
reconstruction of 3D models of the tumor microenvironment (Figure 1).
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Figure 1. Common 2D and 3D in vitro culture models for cancer research. The use of young
or senescent MSC as a support in 2D or 3D cultures for studying BM niche biology could exert
differential effects on leukemic cell biology. In 2D cultures, cells grow as a suspension or as a
monolayer on a flat plastic surface that can be coated or not with matrix components (fibronectin,
collagen, vitronectinetc.); these kinds of systems may include one, two or more types of cells. On
the other hand, 3D cultures have been developed to improve the representation of architectural,
multicomponent complexity of the biochemical interactions in cancer and BM biology. Probably, the
simplest way to obtain a 3D conformation is to induce the formation of spheroids composed by one or
more cellular types; this can be accomplished by spontaneous formation on low-attachment surfaces,
magnetic levitation, spinner flasks, among others. The use of different types of scaffolds provides
a support for cell adhesion, proliferation, differentiation and migration. The scaffolds can be built
with biomaterials, such as decellularized native tissues, ceramic (hydroxyapatite, bioglass), natural
(collagen, fibrin, alginate, chitosan) or synthetic polymers (polyethylene glycol, polycaprolactone,
poly(hydroxyethylmethacrylate), poly(lactic-co-glycolic acid)). Among the most frequently used
polymers, hydrogels are preferred for their similarities to ECM mechanical properties. The application
of 3D bioprinting techniques (not depicted) and the development of microchips compatible to single-
cell methodologies have allowed the engineering of devices where a flow can be applied to improve
cell proliferation/migration, add immune cells or test compounds in situ in a way that maintains
microenvironments physically and biochemically differentiated but allow communication among
them. Depending on the microchip device design and the inclusion or not of scaffolds, different
culture models can be obtained. Based on [65–67] {Borghesan, 2020 #585; Cucchi, 2020 #586; Rodrigues,
2021 #584}.
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The better understanding of both HSC and niche components biology has allowed
for significant advances regarding the successful HSC expansion ex vivo, in spite of the
remaining questions about the mechanisms of HSC regulation in vivo. Conventional HSC
culture systems are expanded on polystyrene plates in optimized culture media, whereas
the long-term maintenance of LSC is still difficult, due to the difficulty of preventing blast
apoptosis to stop spontaneous differentiation and to minimize the effect of inhibitory
feedback signals by differentiated cells in the culture. Patient-derived and immortalized
leukemic cell lines are frequently used in experimental assays; however, their characteristics
do not correspond to a functionally major LSC population [2,35,68].

The addition of support cells (e.g., fibroblasts, macrophages, MSC, among others)
and the variation in biophysical parameters on the substrate to conventional 2D cultures
have enabled the culture and maintenance of leukemic cells; in spite of their simplicity,
noteworthy advances have been achieved by using screening approaches and culture sys-
tems supplemented with cytokines and support cells under proper oxygen and metabolic
conditions. Major advances in understanding leukemic cell biology, cancer development
and chemoresistance have been carried out, recreating the leukemic microenvironment in
2D culture systems for B-ALL [15,16,18,30,69–72], but more frequently for AML [73–78] and
chronic lymphocytic leukemia (CLL) [79–83]. In this regard, a leukemic cell-free leukemic
niche was established by co-culturing normal MSC with fresh conditioned medium (CM)
obtained from the REH cell line, showing that normal HSC cultured under these conditions
lost quiescence, increased proliferative markers Ki67 and cMyc and decreased GATA2 and
p53 expression. Interestingly, MSC incubated with this CM showed senescence-associated
markers [15]. On the other hand, in a human in vitro AML model used for high-throughput
screening of small molecules, it was described that compounds that suppress the aryl-
hydrocarbon receptor pathway have a key influence in preventing AML cell differentiation;
those cells were cultured in free-serum media, analyzed under hypoxia, and cultured into
different surfaces (plastic, glass and rodent fibroblasts support), showing similar results
under all tested conditions [35]. Other approaches for controlling niche interactions in 2D
cultures relies on the limitation of growth factors’ diffusion rate and the frequency of cell
interactions by using a model of micropatterns of extracellular matrix (ECM) islands and
embryonic stem cells [84], or the design of microfluidic devices that allow a controlled
release of soluble compounds into the system [85].

The use of support cells in 2D systems is still the primary approach used to maintain
HSC and LSC cultures. Several studies have shown the importance of MSC as niche sup-
portive cells and providers of regulator factors for human HSC and LSC [86,87], as well as
the capacity of LSC to regulate MSC phenotype and function [88]. Murine stromal cell lines
have been used to expand primary human LSC in vitro; however, the leukemic blasts even-
tually lost their original phenotype in long-term culture systems. Thus, human MSC have
been extensively used to provide support for the maintenance of those cultures [86]. Hu-
man MSC have been used successfully to culture leukemic cells from CLL [79], AML [86,88],
and B-ALL [16,18]. For CLL, it was shown in vitro that cross-talk between leukemic cells
and MSC improves leukemic cell viability, increasing the production of IL-8, CCL4, CCL11,
and CXCL10 [79]. Moreover, direct contact of AML-BM samples with the human stroma
cell line HS-5 increased proliferation, viability, and colony formation of primary AML cells
in comparison with cultures without stromal support [89]. It has been also shown that LSC
expressing focal adhesion kinase (FAK) were able to induce a senescent phenotype and
defects in clonogenicity on MSC from healthy donors and that contact between cells was
mandatory to achieve this effect [88]. A high-throughput system capable of supporting
primary cells mimicking BM stroma was also developed in order to screen compounds for
targeting mouse LSC in AML and differences in the effect of the compounds were found
between stroma and stroma-free cultures [90]. For human ALL, it has been shown that
control mechanisms exerted by normal MSC over HSC progenitors are lost in an induced
leukemic microenvironment, where HSC progenitors showed altered differentiation and
loss of clonogenic capacity, in spite of a higher adherence to MSC [16]. More recently, it
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was shown that leukemia-driven stress is able to modify healthy MSC stemness, inducing
a senescent phenotype, and that MSC passage could affect the susceptibility of B-ALL to
dexamethasone; however, upon withdrawal of leukemic stimulus, MSC are able to re-enter
the cell cycle and recover some of their basal features [30].

MSC are rare within the BM aspirate; therefore, they must be expanded in vitro
before they can be used for research or therapeutic purposes and it is clear that culture
conditions and metabolic cell state can critically affect their role in supporting leukemic
cells. For example, it has been shown that tension or elasticity changes in the culture
substrate can rule MSC differentiation fate [91,92]. It was also suggested that dynamics
of the F-actin network and early events of cytoskeleton reorganization in MSC could act
as sensitive markers of lineage differentiation; the authors showed that, in contrast with
the osteogenic or basal culture conditions, the actin turnover was rapidly reduced after
adipogenic (few minutes) and chondrogenic (4 h) induction [93]. Meanwhile, in spite of
a clear in vivo demonstration that aged animals transplanted with AML-ETO+ fostered
the proliferation of LSC in BM, researchers failed in replicating the results on a short-
term 2D co-culture system of pre-LSC and endosteal cells, [94], probably because of the
stroma isolation method or the short-term co-culture approach used. In another study,
it was suggested that MSC from AML human samples with differential expression of
FAK may contribute to different microenvironmental entities mediated by differential
signaling of Wnt pathway, with FAK+ cells favoring CXCL12 abundant reticular cells
(CAR) proliferation and overexpression of angiogenic cytokines [88]. In the same context,
the BRD7116 compound has been pinpointed as a possible therapeutic alternative for AML;
its selectivity toward killing leukemic cells by affecting stroma cells was discovered using
an in vitro high-throughput screening system with MSC as the supportive cells [90].

Additionally, most of the protocols add fetal bovine serum (FBS) as a media supple-
ment for MSC, but its use has some disadvantages, such as the induction of side immuno-
logical effects, possible microbial exposure and batch variability. A study with the aim of
evaluating the differences on the onset of replicative senescence between MSC cultured
with FBS or human autologous serum showed that the serum source was a determinant
for the time until reaching senescence and the proportion of cells in S-phase during early
passages [95].

Senescence-related features in stroma cells appear to be frequently associated with
conditions favoring LSC expansion in BM niche models, and several studies have ad-
dressed the question of the influence of an aged or senescent microenvironment on disease
progression [29,30,96–99]. Regarding cancer progression and senescence, co-cultures of
human primary AML with human BM derived-MSC with knockdown of the p16 gene
reduced AML cell proliferation; moreover, co-culture of AML cells with non-silenced MSC
for 6 days reduced lamin B1 expression, increased IL-6 and IL-8 production and the fre-
quency of MSC positive for senescence-associated β-galactosidase (SA-β-Gal) staining, and
induced MSC expression of p16 and p21 [42], showing that LSC can also influence the
microenvironment to induce senescence compatible features that, eventually, foster their
own expansion. A study using cultured multiple myeloma BM-MSC showed that these
cells have a senescent phenotype (increased SA-β-Gal activity, reduced cell proliferation
and upregulation of angiogenic and inflammatory cytokines), reduced both osteogenic
differentiation and immunomodulatory activity and increased hematopoietic support ca-
pacity [96]. Furthermore, MSC isolated from children with malignancies (astrocytoma
or myeloma) or healthy adults showed their ability to maintain B-lineage ALL cells and
prevent apoptosis in vitro in a serum-free culture, but murine and stromal immortalized
cell lines (M2-10B4, W18Va2 and KM-102) failed in providing such support [100]. In the
same way, pediatric-derived normal MSC co-cultured with REH cells or B-ALL primary
leukemic cells showed production of ROS, cell cycle arrest and increase in senescence
markers (p53 gene expression and SA-β-Gal activity) [18]. Another study showed that
primary ALL cells can be successfully expanded ex vivo over prolonged periods using MSC
as feeder cells, maintaining self-renewal potential, clonal diversity, engraftment capacity



Int. J. Mol. Sci. 2022, 23, 7350 7 of 24

and enabling chemotherapeutic challenges by using these long-term cultured cells for mice
inoculations, in vitro clone barcoding approach and bioluminescence-labeled ALL cells for
drug response assays; however, early passages of cultured MSC were the most efficient to
support ALL cell growth [101].

In spite of their great utility, 2D culture systems show some constraints that limit
their use to accurately reflect in vivo conditions such as the reduced availability of oxygen,
the non-continuous nutrients’ access, the mechanical forces exerted by the liquid com-
ponents [102], the spatial organization, and the complexity of interactions among ECM
components, leukemic and stromal cells. Comparisons between both 2D and 3D systems
under the same experimental conditions have been made using bone-derived materials
as scaffolds to adhere patient CML-derived MSC cells supporting leukemic cells; the Ph+
subpopulation was reduced during culture in both systems, but in 3D cultures, this reduc-
tion was slower and leukemic cells showed higher CFU rates and frequency of long-term
culture-initiating cells after 2 or 5 weeks [34]. Moreover, 3D models are preferred in many
cases due to their capability to support complex volumetric structures with minimal toxicity,
favoring cell-biomaterial interactions and nutrient exchange [103].

Hence, several protocols for bioengineering 3D HSC niches have been established
for mouse and human HSC and LSC expansion [4,103–111]. A well-designed artificial
niche must be adaptable and scalable, facilitate selective incorporation of a variety of
biochemical signals and allow the use of high-throughput or single-cell techniques, in
addition to overcoming biomechanical and biotransport restrictions [68]. A big step to-
wards the modeling of the leukemic niche was the possibility to grow leukemic cells as
spheroids [107,112,113], or their implantation into polymer matrixes [37,109,112] or inside
porous scaffolds [103,105,111,114]. The use of bioreactors or microfluidic devices further
improved nutrient supply and increased the number of parameters involved on the niche
building [115–119]. Much of the current research relies on achieving a more detailed niche
model by combining different substrates with varied stiffness, soluble factors, more cell
types and a vascular system integrated in a single model [120] and also using methodologies
that allow single-cell fate tracking.

Inorganic (hydroxyapatite, tricalcium phosphate), natural (collagen, fibrin, heparin)
or synthetic polymers (polyurethane, poly-L-lactic acid, polyethylene glycol) have been
tested as scaffolds to provide a 3D structure for normal and leukemic niches (reviewed
by [120]); polymeric biomaterials substrates (polyethylene terephthalate, tissue culture
polystyrene and polyether sulfone) are more adequate because of their defined composition,
surface chemistry and toxicity profile. Open-cell foam scaffolds made with low-density
biomaterials with distinct levels of elasticity were also adopted as analogs of the trabecular
bone and used with stromal cells to support HSC expansion [2,85]. Other 3D models rely on
woodpile structures fabricated by two-photon polymerization of different photosensitive
polymers or hydrogels; these scaffolds are adequate to study mechanical properties on the
adhesion and proliferation of MSC [103]. Indeed, scaffold type, matrix stiffness, and archi-
tecture applied to HSC or LSC cultures differ greatly and, consequently, can dramatically
influence cell fate, as described for MSC [91,92].

Improvements to 3D culture systems were developed in order to capture and perform
single-cell analysis on HSC cells maintained in microfluidic devices [117], or to compare
the effect of scaffold geometry on human MSC growth and differentiation by combining
low intensity pulsed ultrasound and 3D printing techniques [114]. Another innovative
approach was the design of a biomimetic microdevice by engineering new bone in vivo
and perfusing it with culture medium in a microfluidic system; this model enabled the
culture of living bone with a hematopoietic cell composition that resembles the natural BM
environment and supports HSC in similar proportions to in vivo models, maintaining their
spatial positions within a 3D niche in vitro [119]. Using a system based on a polyethylene
glycol hydrogel, a peptide anchor and a MSC coculture integrated to a bioreactor that
allowed the perfusion with medium while culturing HSC, it was possible to determine
the variations regarding differentiation, drug resistance and maintenance of stemness for
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HSC progenitors between static and dynamic 3D cultures. However, cell proliferation
was not influenced by the culture method [102]. Using confocal microscopy and RT-PCR
over a microvascular, endothelialized platform fabricated in a type I collagen matrix and
designed to evaluate multicellular interactions and cell trafficking, it was revealed that
HSC progenitors and AML cells showed different adhesion rates depending on the type of
feeder cells (primary MSC or fibroblast cell lines HS27 and HS5) [118].

Much of the research regarding leukemic niche modeling is related to the screening of
therapeutic compound targeting of LSC in the BM [121]. Using a synthetic polyglycolic
acid/poly L-lactic acid (PGA/PLLA) 90/10 copolymer scaffold and primary MSC as co-
cultured cells, it was shown that resistance to doxorubicin and cytarabine for three leukemic
cell lines (HL-60, Kasumi-1, and MV411) was greater when leukemic cells were cultivated
in 3D systems [122]. Similar results were obtained using a poly-ethylene glycol and
heparin hydrogel 3D system functionalized with a peptidic ligand for adhesion, angiogenic
factors and co-cultured with HUVEC and MSC; in this system, four leukemic cell lines
(KG1a, MOLM13, MV4-11 and OCI-AML3) and patient-derived AML cells showed lower
sensibility to daunorubicin and cytarabine compared with 2D suspension cultures [112]. For
the ALL model, a tri-cellular (SUP-B15 cell line, MSC and osteoblasts) microfluidic platform
based on a polydimethylsiloxane resin was designed to evaluate the response of leukemic
cells to cytarabine in mono or co-culture comparing 2D and 3D systems, reinforcing the
findings of higher resistance to chemotherapeutic in 3D cultures. In addition, the researchers
highlighted the occurrence of discernible niches on their 3D model [115]. More recently, an
improved chip 3D model was designed to mimic different BM regions (central venous sinus,
medullary cavity and endosteum), enabling spatial separation, intercellular communication,
cytokine modulation, and real time and live-cell imaging; this 3D model resembled in vivo
BM tissue in terms of structure and cell composition. The researchers confirmed that MSC
and osteoblasts seemingly induce leukemia dormancy via osteopontin signaling, and more
importantly, the system compatibility with single-cell technologies allowed the generation
of a more detailed map of interactions among different types of B-ALL cells, samples and
microenvironments inside the artificial BM model and how these interactions affect the
sensitivity of B-ALL to chemotherapeutics [123].

In spite of the advances on 2D and 3D in vitro models, they still have physiological
constraints because they failed to capture the whole complexity of the tumor microenviron-
ment; their biggest limitation relies on the lack of correspondence with a whole organism.
This limits the use of the in vitro models for some experimental approaches (e.g., cell-drug
interactions and engraftment assays, among others), making in vivo studies in animal
models necessary.

3. Animal Models

Research on human subjects is strongly limited by ethical, technical and legal issues;
therefore, in most cases, clinical trials on people are preceded by studies on non-human
species. A broad variety of animals, including mammals and non-mammal species, have
been used for studying leukemic development, senescence and aging processes; this large
spectrum is valuable because it helps one to discover the generic molecular mechanisms
that govern those processes. However, many features may be unique for a particular class
of animals. For example, the finding that the target of rapamycin (mTOR) pathway plays
a key role on vertebrate senescence was previously discovered in yeast, nematodes and
flies [124]; however, human and naked mole-rats have a far lower incidence of cancer
than mice at any age and some mouse strains (e.g., AKR/J) are highly susceptible to
neoplasia [125]. In spite of the huge advances regarding transgenic manipulation or
xenotransplantation of mice, this kind of technology is rarely used in other small rodents
or other animal models. Fishes, birds, rabbits, dogs, cats and non-human primates (mainly
rhesus macaques Macaca mulatta) have been used, but on a considerably lesser scale than
mice and rats (reviewed by [126–128]). Currently, there is general awareness that no single
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model can reflect completely the complexity of human cancer and senescence mechanisms,
but most studies still rely on a limited range of models.

In Vivo Rodent Models

Rodents are the organisms that better fulfill the requirements of a desirable animal
model (life table data available, short life span, controllable environmental and pathological
conditions for maintenance, well-studied genetics and feasible cost). Besides several mice
strains that are discussed in more detail below, other small rodents, such as rats (Rattus
norvegicus, mainly Fischer 344, Sprague-Dawley, Wistar, and Long-Evans strains), Syrian
hamster (Mesocricetus auratus), the naked mole rat (Heterocephalus glaber), and the Mongolian
gerbil (Meriones unguicultatus), have been used as models for aging and senescence studies
(reviewed by [126,128]).

Leukemic mice models are generated by exposure to carcinogenic chemicals, genomic
integration of oncogenes delivered by virus or transposons, implantation of modified
embryos and zygotes transplanted with ex vivo manipulated HSC (transgenic models) or
injection of primary patient samples or human cell lines into immunocompromised host an-
imals (xenograft models) (Figure 2) (reviewed by [129]). Much of the scientific advancement
in biomedical research has been obtained from studies in transgenic mice [130]; however,
several components of the mouse genetic background or the immune system do not faith-
fully translate to human biology [131–133]. Some gene functions can be different among
species [134] and many drugs and pathogens are species-specific [135]. Even though animal
models are valuable tools for research, the expenditure is high, drug screening requires a
large amount of animals and, biologically, model animals cannot completely mimic human
BM microenvironments. These issues emphasize the need for better strategies to improve
human systems modeling in vivo; in this context, new results and extensive reviews re-
garding animal models for leukemic research are periodically published [127,129,136–146].

Figure 2. Approaches for developing leukemia murine models. (A) Carcinogen-induced models:
leukemic mice induced by carcinogen administration (chemical, ionizing radiation). (B) Syngeneic
models: leukemic mice established by injection of murine cancer cell lines in immunocompetent
hosts. (C) Mosaic, viral, and transposon induced models: leukemic mice originated from oncogenes
engineered in a viral vector through transfected murine HSC, causing oncogene or aberrant proto-
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oncogene expression or disruption of tumor suppressor genes; similar results are obtained from
transposon sequences inserted into the host genome. HSC can be manipulated using either retroviral
transduction or genome editing techniques. (D) Transgenic models: leukemic mice established
by genetic manipulation of cancer-causing genes injected or electroporated into embryonic stem
cell (ESC) or fertilized zygotes; ESC that have incorporated the vector are injected into tetraploid
blastocysts. These blastocysts or the transformed zygotes are transplanted into pseudopregnant
receptive females, whose offspring is monitored to detect leukemic individuals. (E) Xenograft models:
leukemic mice are obtained from immunocompromised hosts that have been inoculated with primary
patient samples or human cell lines. Hu = Mice reconstituted with human immune system. Hu-CDX
(cell line xenograft) originated from immunodeficient mice inoculated with human cancer cell lines.
Hu-PDX (human patient-derived xenograft) originated from patient’s biopsies without applying
ex vivo culturing prior to transplantation. Hu-CAR: immunocompetent mice inoculated bearing
human tumor xenograft and administered a CAR therapeutic. Green letters: advantages. Red letters:
disadvantages. Blue inset: examples of gene targets for each type of leukemia studied with the model.
The graph is based on [129], with additional information from [145,147–149].

Xenograft mice models arose after the development of immunodeficient mice bearing
the IL-2 receptor common gamma chain (IL2rγnull) and the combination with mutations
in the protein kinase DNA-activated catalytic polypeptide gene (Prkdcscid or scid) or in
the recombination activating gene 1 or 2 (Rag1null, Rag2null) that allowed the generation
of mice lacking adaptative immunity and exhibiting deficiencies of innate immunity. Im-
munodeficient IL2rγnull mice have enabled the successful engraftment of various human
cancers; the strains NSG (NOD.CgPrkdcscidIl2rγtm1Wjl), NOD (NOD.Cg-PrkdcscidIl2rγtm1Sug)
and BRG (C; 129S4-Rag2tm1FlvIl2rγtm1Flv) are the three kinds of immunodeficient IL2rγnull

mice more frequently used as in vivo platforms for identifying and testing drug targets,
for the identification of LSC and investigation of metastasis, as well as preclinical models
for the evaluation of new therapeutics [141,146]. Humanized mice models, in which the
human immune system is partially reconstituted in mice by direct genetic manipulation
or by engrafting HSC or stromal components of human origin into the BM of immunosu-
pressed animals, have been developed from these strains [150]. The development of mice
strains showing human-like immune system characteristics improves engraftment rate
success, reflects the changes that can occur in human patients over time and allows a more
precise evaluation of the preclinical efficacy and safety of immunotherapy [151]. In another
approach, syngeneic models were developed using murine cell lines or virally-transduced
murine HSC to express target genes that result in leukemia initiation. These models do not
need a complex breeding process as the genetically modified mice strains do, they allow
the study of the disease in immunocompetent hosts, and have become the most commonly
used preclinical models for immunotherapy evaluation; however, syngeneic mice lack
genomic and microenvironmental heterogeneity because of the limited number of cell
lines that can be implanted in a restricted number of inbred strains of mice [148,152,153].
Recently, by using lentiviral vectors for simultaneously transducing an oncogenic mix into
immunocompetent animals, it was possible to establish AML-like and CLL-like leukemic
lines using syngeneic mice [154].

One of the major limitations of transgenic and xenograft models is that, in spite of the
possibility of genetically manipulating and transferring human HSC into immunodeficient
mice, it is not possible to also transplant the entire human BM niche into the animal
recipient; in consequence, the injected human cells deal with a murine microenvironment
that does not mirror human BM interactions. Several studies have focused on improving
this constraint and the engraftment success rate by using humanized mice models. For
example, by using NOD/SCID/IL2rγnull mice as hosts, an in vivo extramedullary bone
model was developed by subcutaneous injection of a mix of human BM-derived MSC and
peripheral blood-derived endothelial colony-forming cells cultured on a matrix containing
laminin and collagen IV; the functionality of the model was tested by inoculating human
MOLM13/Luc/GFP leukemia cells and evaluating the engraftment success, demonstrating



Int. J. Mol. Sci. 2022, 23, 7350 11 of 24

that these AML cells can easily engraft into the extramedullary bones. The model also
allowed the researchers to test the effect of HIF-1α silencing on MSC, showing a decrease
in leukemic cell engraftment in the extramedullary bones derived from silenced MSC
cells and demonstrating that HIF-1α expression is a key component of engraftment, by
directly up-regulating CXCL12 expression [155]. In another study using RAG2null IL2rγnull

mice as recipients, the researchers implanted biphasic calcium phosphate particles loaded
with human MSC under the mice skin and evaluated the homing and differentiation of
CD34+ cells isolated from umbilical cord blood and the ability to support the growth of
patient-derived multiple myeloma cells expressing the luciferase reporter. They showed
that this scaffold system functionally supported engraftment for normal and leukemic
cells and lineage differentiation of HSC [156]. Both studies highlight the importance of a
humanized microenvironment for studying human leukemic niches in animals; however,
technical advances are still required in order to achieve an identical human immune
function in recipient animals (e.g., HLA alleles matched to donor human cells, development
of lymphoid architecture, identification of human-specific factors needed for optimal
human cell function that are absent in mice, among others). It is also necessary to prevent
the development of graft vs. host disease, which occurs in many of the human immune
engrafted models, and validate the results obtained in the models described here [146,157].

On the other hand, senescence study using in vivo models has been challenged by
experimental constraints, such as the difficulty to identify senescent cells in a living organ-
ism, the lack of standardized and validated in vivo biomarkers, as well as the long-term
monitoring needed for studying murine aging [158]; nevertheless, several systems for the
study of senescence and its role in aging and cancer development in living rodents have
been developed, including the use of several rat strains to characterize stromal cell senes-
cence by ex vivo culture techniques [62,65,159,160], and using progeroid murine lines [161]
and senescence accelerated mice (SAM) strains with different life spans and senescence
associated features [162,163]. These mice display atypical expression of genes encoding
cell cycle checkpoints, DNA repair and nuclear proteins, ROS scavenging enzymes and
signaling pathways components and are considered valid models for studying both senes-
cence and aging. However, none of these models have been extensively used for leukemia
research and most of the time, senescent cells have been only detected using end-point
measures, such as qRT-PCR analysis, in situ hybridization, immunoblot or SA-β-Gal ac-
tivity on blood, fresh or euthanized tissues. Alternatively, peripheral blood lymphocytes,
plasma or serum from the animal are also collected to detect changes in the secretion of
SASP factors [161,164,165].

More advances have been achieved when using transgenic and xenograft models for
studying senescence and aging roles in hematopoietic regulation and leukemia progression
in the context of the BM microenvironment. First of all, as explained for in vitro models,
murine models also support the role of MSC in the development and fate of LSC and
pre-leukemic cells. Using wild-type and periostin-deficient transgenic mice in a BALB/c
background, the researchers revealed that BM-derived MSC expressed higher levels of
periostin (via STAT3 activation) when co-cultured with B-ALL cells and that periostin
deficiency in MSC decreases CCL2 expression in co-cultured B-ALL cells; CCL2 expression
in these cells is regulated by the ILK/NF-kB pathway [166]. In a SCL-tTA/BCR-ABL
(CD45.1/CD45.2 C57BL/6) transgenic, inducible CML mouse model, targeted deletion
of CXCL12 from MSC, but not from endothelial cells, reduced normal HSC numbers,
promoted LSC self-renewal and increased sensibility of LSC to tyrosine kinase inhibitors,
possibly through enhanced EZH2 activity [167]. In the same context, a transgenic murine
model for AML (based on MLL-AF9 fusion gene expression and DsRed reporter) was
designed to obtain a high number of LSC to perform a high-throughput screening of small
molecules with anti-leukemic properties in a co-culture system, with primary BM-MSC
derived from actin-GFP mice or GFP-expressing BM stroma-derived OP9 cells [90].

Second, many of the physiological changes described for MSC in pro-leukemic and
leukemic microenvironments are equivalent to those occurring during BM-aging and senes-
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cence [30] and it has been suggested that MSC are similarly affected by different types of
leukemic cells, regardless of the particularities of each model [52]. In this context, anatom-
ical changes in bones and blood vessels observed in both old mice and elderly humans
hint at the remodeling of the entire niche microenvironment during senescence and aging,
affecting HSC features (reviewed by [5,168]). The factors driving remodeling of the BM
microenvironment in leukemia are not well understood; however, a proinflammatory land-
scape, which is a hallmark of cellular senescence, is a key factor in this process [169]. It is not
clear, however, if the changes in the hematopoietic system precede the BM inflammatory
phenotype or vice versa, or if the aging of the hematopoietic system could be reversed [94].
For example, using an oncogenic Nras-mutant mouse model, it was experimentally proved
that a senescent BM microenvironment promotes a chronic myelomonocytic leukemia-like
condition and that intra-BM transfusion of young MSCs can rejuvenate the senescent BM
microenvironment [45]. However, the transfusion was only insufficient to suppress disease
development in an MLL-AF9 AML mouse model [170].

To better investigate how stromal dysfunction can foster the development of cancer
and to elucidate the cellular and molecular mechanisms of MSC senescence that contribute
to leukemia progression, other approaches relying on senescent cell identification and ex
vivo characterization using fluorescent tags [171], as well as detection and/or selective elim-
ination of senescent cell populations from living organisms, have been used [158,171–174].
For instance, changes in senescence and differentiation-related genes expression associated
with aging MSC were investigated using these models [175]. Specifically, the role of p16 in
senescence has been studied in vivo using several transgenic mouse strains modified to
express fusion proteins or probes that allow the tagging, selective depletion and single-cell
analysis of p16 expressing cells [42,158,172,173,176]. In this context, the p16-3MR mouse
model has been used for studying the role of senescence in breast cancer progression,
chemotherapy and relapsing [176]. This model also demonstrated that AML blasts not only
induce a senescence process driven by leukemia-generated NOX2-derived superoxide and
regulated by p16INK4a expression in stromal cells within the BM, but also that depletion
of SASP and senescent stromal cells promote leukemic mice survival [42]. However, a
knock-in approach using a luciferase reporter for lifelong monitoring of p16INK4a in a cohort
of mice showed strong induction of p16INK4a in the healthy stroma of early neoplasms, but
a lack of association between the expression of this senescence marker and cancer-related
mortality [158]. Here, it is important to stress that care should be taken when assessing a
senescent phenotype using few markers; for instance, high SA-β-Gal activity and p16INK4A

expression can be induced in non-senescent macrophages as part of a reversible polar-
ization response to immune stimuli in mice, with hemizygous p16INK4a knock-in of the
luciferase gene reporter [177]. In addition, in contrast to what occurs with p16INK4a, other
genes associated to senescence in mice do not have similar expression patterns in humans,
as it happens with the alternative products of INK4 locus (p16 and ARF) [178] and Rb
genes [134].

Reactive oxygen species (ROS) signaling clues are important to maintain quiescence
and define differentiation fates of HSC and LSC [179], and also play a key role as senescence
triggers; however, oxidative stress is rarely used as an induction factor in mice, except for
the D-galactose model (reviewed by [165]) and in vivo ROS determination is challenging.
In spite of this, mice models have been used to study human ROS responses because of the
metabolism similarity between both species and the possibility of long-term follow up and
evaluation of ROS effects in complex tissue microenvironments [180]. Methods for non-
invasive ROS measurements have been tested for transgenic and xenograft murine models
of tumors [181–184], but conditional genetic knockout mice have been used more frequently.
In this respect, a transgenic mouse model with constitutive deficiency of connexin-43 (Cx43,
a key structural component of gap junctions in BM) and in vitro experiments with the
FBMD-1 stroma cell line demonstrated that the hematopoietic microenvironment can
function as a major oxidative stress homeostasis orchestrator, facilitating ROS scavenging
through their transfer from stressed HSC to stromal cells through Cx43 complexes. More-
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over, surviving HSC from H-Cx43-deficient mice displayed senescence features (p16INK4a

up regulation, cell cycle arrest after chemotherapy and decreased regenerative capacity) and
activation of p38MAPK/FOXO1, a ROS concentration-dependent signaling pathway [185].
A combined strategy of in vitro and in vivo experiments using a patient-derived AML
xenograft model in NSG mice demonstrated that mitochondria transfer from stroma cells to
AML blasts occurs via leukemia-derived tunneling nanotubes and that ROS levels regulate
this transfer through the NOX-2 signaling pathway; mitochondria transfer exerts a pro-
leukemic effect in these mice [186]. Also for AML, a doxycycline-inducible rtTA;MLL-AF9
mouse strain was used to show the important role of GSH and GPX enzymes dependent of
BM-MSC Nestin+ as antioxidant protection for leukemic cells against chemotherapy [21].
In a study that looked for secondary drivers of leukemogenesis in B-ALL, it was reported
that JAK mutations can alter the fate of leukemia clonal evolution through ROS-induced
DNA damage; the researchers used a mouse model driven by PU.1/Spi-B deletion (Mb1-
Cre∆PB) [187].

The relevance of mice models for studying telomere-related human biology is also
debated [188–190]. Telomere length is determined genetically and their shortening is con-
sidered one of the trademarks of senescence and aging; telomeres’ length and the rate of
shortening vary among the species. Although the basic biology of telomeres is the same
in mice and humans, their characteristics and functions are distinct and the alterations
in telomere length regulation may result in different manifestations [189]. Humans have
shorter telomeres than mice, but mice life span is brief and their rate of telomere shortening
is up to 100-fold higher [191,192]; therefore, lack or dysfunctional telomerase has severe or
fatal effects on humans, while murine models deficient for telomerase have been developed
with diverse outcomes. For instance, a reversible murine model of telomerase deficiency
regulated by tamoxifen was used to determine the influence of telomerase activity on
erythroid and myeloid lineage differentiation; the F5 progeny of the reverse transcrip-
tase (TERT) deficient mice showed shortened telomeres and a reduced HSC counting,
among other pathological conditions. The reactivation of telomerase activity restored HSC
and HSPC proliferation, normalized the DNA damage response and improved erythro-
poiesis [193]. It has also been shown that chimeric adult mice derived from embryonic stem
cells with hyper-long telomeres have extended life span with improved mitochondrial and
metabolic parameters, display a lower number of cells with global or telomere-induced
DNA damage with aging and lower levels of the p21 senescence marker; these mice were
also less prone to developing spontaneous tumors [194].

The use of mice models of oncogenesis led to the theory that telomerase deficiency op-
erates initially as a pro-oncogenic pathway, probably through chromosomal instability but
continuous inactivation of telomerase in tumor cells would decrease tumor growth [189].
So, mice with knockout of the telomerase RNA component (TERC) were used to evaluate
the role of telomerase in leukemogenesis for AML and T-ALL subtypes. By comparing
TERC−/− individuals from the F1 and F3 generation (with differences in telomere length
and telomerase activity) and the progeny of different back-crosses between them, the re-
searchers concluded that leukemia can be induced in the absence of telomerase activity and
the aging microenvironment induced by telomere dysfunction can accelerate it; however,
short telomeres can prevent leukemogenesis by inducing DNA damage [195]. Conversely,
other studies highlight the high activity of telomerase in cancer cells, as a mechanism that
allows these cells to continually replicate despite accelerated telomere shortening and as a
requirement for leukemia maintenance [196]. A previous study using a MLL-AF9 AML
model also supports the conclusion that telomerase activity is not mandatory for leukemia
initiation, but its deficiency negatively affects the self-renewal capacity and frequency of
functional LSC and reduces the leukemia burden; LSC lacking telomerase activity showed
chromosomal instability, increased apoptosis and induction of the p53 pathway [197].
Telomere deregulation and dysfunction also play important roles at specific phases of CLL
progression; multiple components of the telomere system are affected and related with
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activation of DNA damage response and cell-cycle checkpoint deregulation (reviewed
by [198]).

Another interesting approach to study biological processes in vivo, including hematopoi-
etic, senescence and leukemic pathways, is the use of two-photon microscopy [199–202].
This technique was useful for demonstrating that HSPC from aged mice, compared to
those from younger animals, showed distinct relationships to BM architectural features, de-
creased adhesion to the stroma and a tendency to increase myelomonocytic differentiation
when transplanted into younger mice hosts [199]. A fluorescent probe engineered to be
detected by two-photon microscopy [200,201] was validated for the detection of senescent
cells in mice bearing melanoma tumors and treated with palbociclib to induce a senescent
phenotype. The fluorescent signal was enhanced in tumors treated with the chemothera-
peutic agent and the specific senescence signal emission was only observed in senescent
tumors cells without the expression of Ki67 and phosphorylated Rb protein reduced [200].
Another group developed a new method by merging fluorescence two-photon microscopy
with imaging-optimized two-photon microscopy of phosphorescence lifetimes (FaST-PLIM
for ‘fast’ scanning two-photon phosphorescence lifetime imaging microscopy); using FaST-
PLIM, intravital oxygen and cell dynamics were measured in CD11c-EYFP, B-ALL mice
carrying a double reporter. In this way, they were able to measure local O2 availability in
murine BM and found a greater frequency of hypoxic regions in advanced-stage B-ALL
individuals [203].

As already described, traditional and cutting-edge technologies used for senescence as-
sessment and BM modeling support the key role of senescent/aging BM microenvironment-
related alterations in the initiation and progression of hematological malignancies. Future
research could be used, not only to improve the understanding of HSC regulation by
the niche or to better elucidate the molecular mechanisms that swing cells targeted by
senescence clues toward apoptotic or malignant transformation, but also to modulate or to
revert senescence progress at different stages, to evaluate how the SASP impacts the inter-
action between senescent cells and the immune system over time, and to improve current
therapies against leukemias using senolytic approaches. In fact, preclinical models suggest
that senolytic drugs would be able to decrease the in vivo frequency of senescent cells,
reduce inflammation and improve patients welfare (reviewed by [204]). In this regard, the
first generation of natural or synthetic compounds with senolytic effects, such as dasatinib,
flavonoids (quercetin, fisetin) [205–207], Navitoclax [208,209], nutlin 3 [210], among others,
have been tested alone or in combination as a chemotherapy for cancer. More recently,
second generation senolytic treatments including vaccines [211] and nanoparticles [212]
have been also developed in order to improve the efficacy and decrease the offside effects
of senolytic-based treatments. Thus, various tools have emerged to directly and indirectly
attack hematological malignancies. Developments are needed to better understand the
cellular and molecular mechanisms to determine the ideal timing to provide these new
treatments.

4. Conclusions

In recent years, there has been a growing interest regarding the role of the senescent
BM microenvironment in leukemia development, but the causal relationship between both
events is still unclear, partly due to the wide range of in vitro and in vivo models available
for leukemia study and the variety of protocols used for senescence study. In spite of
their value, as tools for basic research and pre-clinical trials for drug efficacy evaluation,
there is still a need for better BM leukemic niche modeling, as well as a standardized
methodology for cellular senescence assessment. In the meantime, and because different
methods of inducing senescence have singular characteristics and effects, care must be
taken to ensure that the chosen model is well-suited to the experiment and its objective.
Specifically, it is a matter of discussion regarding how representative mouse models of
hematopoietic aging or leukemia development are and if further modeling should be
conducted in aged mice instead of young animals to understand the context dependency of
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genetic and pharmacological perturbations. This is particularly relevant when discussing
murine models for pediatric leukemias, where differential effects of young vs. old mice’s
BM microenvironment on B-ALL cells can be observed [213]. Concerns about animal
welfare, costs, validity and applicability of outcomes when animal models are used must
also be taken into consideration; however, applying the most recent biotechnology and
technical advances, such as single-cell and high-throughput platforms, will allow for better
exploitation of the biological resources.

Author Contributions: Conceptualization: M.J.S.-T. and J.-P.V.; writing—original draft preparation:
M.J.S.-T. and J.-P.V.; writing—review and editing: M.J.S.-T. and J.-P.V.; supervision: J.-P.V.; project
administration and funding: J.-P.V. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by the Ministerio de Ciencia Tecnología e Innovación (Min-
ciencias), Colombia (Contract No 58257 to J.-P.V.), and the Dirección de Investigación y Extensión
(DIEB) and Vice-Decanatura de Investigación y Extensión (VDIE), Facultad de Medicina, Universidad
Nacional de Colombia, Bogotá, D.C.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Diego Salazar for his support in the elaboration
of the figures.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schofield, R. The relationship between the spleen colony-forming cell and the haemopoietic stem cell. Blood Cells 1978, 4, 7–25.

[PubMed]
2. Kumar, S.; Geiger, H. HSC Niche Biology and HSC Expansion Ex Vivo. Trends Mol. Med. 2017, 23, 799–819. [CrossRef] [PubMed]
3. Oh, I.H.; Jeong, S.Y.; Kim, J.A. Normal and leukemic stem cell niche interactions. Curr. Opin. Hematol. 2019, 26, 249–257.

[CrossRef] [PubMed]
4. Schepers, K.; Campbell, T.B.; Passegue, E. Normal and leukemic stem cell niches: Insights and therapeutic opportunities. Cell

Stem Cell 2015, 16, 254–267. [CrossRef] [PubMed]
5. Verovskaya, E.V.; Dellorusso, P.V.; Passegue, E. Losing Sense of Self and Surroundings: Hematopoietic Stem Cell Aging and

Leukemic Transformation. Trends Mol. Med. 2019, 25, 494–515. [CrossRef]
6. Kokkaliaris, K.D. Dissecting the spatial bone marrow microenvironment of hematopoietic stem cells. Curr. Opin. Oncol. 2020, 32,

154–161. [CrossRef]
7. Ladikou, E.E.; Sivaloganathan, H.; Pepper, A.; Chevassut, T. Acute Myeloid Leukaemia in Its Niche: The Bone Marrow

Microenvironment in Acute Myeloid Leukaemia. Curr. Oncol. Rep. 2020, 22, 27. [CrossRef]
8. Lefort, S.; Maguer-Satta, V. Targeting BMP signaling in the bone marrow microenvironment of myeloid leukemia. Biochem. Soc.

Trans. 2020, 48, 411–418. [CrossRef]
9. Vinchi, F.; Mendelson, A.; Yazdanbakhsh, K.; An, X. Uncovering the Bone Marrow Microenvironment Cell by Cell. Hemasphere

2019, 3, e299. [CrossRef]
10. Boutter, J.; Huang, Y.; Marovca, B.; Vonderheit, A.; Grotzer, M.A.; Eckert, C.; Cario, G.; Wollscheid, B.; Horvath, P.; Bornhauser,

B.C.; et al. Image-based RNA interference screening reveals an individual dependence of acute lymphoblastic leukemia on
stromal cysteine support. Oncotarget 2014, 5, 11501–11512. [CrossRef]

11. Hanoun, M.; Zhang, D.; Mizoguchi, T.; Pinho, S.; Pierce, H.; Kunisaki, Y.; Lacombe, J.; Armstrong, S.A.; Duhrsen, U.; Frenette, P.S.
Acute myelogenous leukemia-induced sympathetic neuropathy promotes malignancy in an altered hematopoietic stem cell niche.
Cell Stem Cell 2014, 15, 365–375. [CrossRef] [PubMed]

12. Peled, A.; Lee, B.C.; Sternberg, D.; Toledo, J.; Aracil, M.; Zipori, D. Interactions between leukemia cells and bone marrow stromal
cells: Stroma-supported growth vs. serum dependence and the roles of TGF-beta and M-CSF. Exp. Hematol. 1996, 24, 728–737.
[PubMed]

13. Yu, K.; Yin, Y.; Ma, D.; Lu, T.; Wei, D.; Xiong, J.; Zhou, Z.; Zhang, T.; Zhang, S.; Fang, Q.; et al. Shp2 activation in bone
marrow microenvironment mediates the drug resistance of B-cell acute lymphoblastic leukemia through enhancing the role of
VCAM-1/VLA-4. Int. Immunopharmacol. 2020, 80, 106008. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/747780
http://doi.org/10.1016/j.molmed.2017.07.003
http://www.ncbi.nlm.nih.gov/pubmed/28801069
http://doi.org/10.1097/MOH.0000000000000508
http://www.ncbi.nlm.nih.gov/pubmed/31033703
http://doi.org/10.1016/j.stem.2015.02.014
http://www.ncbi.nlm.nih.gov/pubmed/25748932
http://doi.org/10.1016/j.molmed.2019.04.006
http://doi.org/10.1097/CCO.0000000000000605
http://doi.org/10.1007/s11912-020-0885-0
http://doi.org/10.1042/BST20190223
http://doi.org/10.1097/HS9.0000000000000299
http://doi.org/10.18632/oncotarget.2572
http://doi.org/10.1016/j.stem.2014.06.020
http://www.ncbi.nlm.nih.gov/pubmed/25017722
http://www.ncbi.nlm.nih.gov/pubmed/8635529
http://doi.org/10.1016/j.intimp.2019.106008
http://www.ncbi.nlm.nih.gov/pubmed/31978797


Int. J. Mol. Sci. 2022, 23, 7350 16 of 24

14. Kumar, B.; Garcia, M.; Weng, L.; Jung, X.; Murakami, J.L.; Hu, X.; McDonald, T.; Lin, A.; Kumar, A.R.; DiGiusto, D.L.; et al. Acute
myeloid leukemia transforms the bone marrow niche into a leukemia-permissive microenvironment through exosome secretion.
Leukemia 2018, 32, 575–587. [CrossRef]

15. Vanegas, N.P.; Vernot, J.P. Loss of quiescence and self-renewal capacity of hematopoietic stem cell in an in vitro leukemic niche.
Exp. Hematol. Oncol. 2017, 6, 2. [CrossRef]

16. Vernot, J.P.; Bonilla, X.; Rodriguez-Pardo, V.; Vanegas, N.P. Phenotypic and Functional Alterations of Hematopoietic Stem and
Progenitor Cells in an In Vitro Leukemia-Induced Microenvironment. Int. J. Mol. Sci. 2017, 18, 199. [CrossRef]

17. Scadden, D.T. Nice neighborhood: Emerging concepts of the stem cell niche. Cell 2014, 157, 41–50. [CrossRef]
18. Bonilla, X.; Vanegas, N.P.; Vernot, J.P. Acute Leukemia Induces Senescence and Impaired Osteogenic Differentiation in Mesenchy-

mal Stem Cells Endowing Leukemic Cells with Functional Advantages. Stem Cells Int. 2019, 2019, 3864948. [CrossRef]
19. Behrmann, L.; Wellbrock, J.; Fiedler, W. The bone marrow stromal niche: A therapeutic target of hematological myeloid

malignancies. Expert Opin. Targets 2020, 24, 451–462. [CrossRef]
20. Ciciarello, M.; Corradi, G.; Forte, D.; Cavo, M.; Curti, A. Emerging Bone Marrow Microenvironment-Driven Mechanisms of Drug

Resistance in Acute Myeloid Leukemia: Tangle or Chance? Cancers 2021, 13, 5319. [CrossRef]
21. Forte, D.; Garcia-Fernandez, M.; Sanchez-Aguilera, A.; Stavropoulou, V.; Fielding, C.; Martin-Perez, D.; Lopez, J.A.; Costa, A.S.H.;

Tronci, L.; Nikitopoulou, E.; et al. Bone Marrow Mesenchymal Stem Cells Support Acute Myeloid Leukemia Bioenergetics and
Enhance Antioxidant Defense and Escape from Chemotherapy. Cell Metab. 2020, 32, 829–843. [CrossRef] [PubMed]

22. Yehudai-Resheff, S.; Attias-Turgeman, S.; Sabbah, R.; Gabay, T.; Musallam, R.; Fridman-Dror, A.; Zuckerman, T. Abnormal
morphological and functional nature of bone marrow stromal cells provides preferential support for survival of acute myeloid
leukemia cells. Int. J. Cancer 2019, 144, 2279–2289. [CrossRef] [PubMed]

23. Aasebo, E.; Brenner, A.K.; Birkeland, E.; Tvedt, T.H.A.; Selheim, F.; Berven, F.S.; Bruserud, O. The Constitutive Extracellular Protein
Release by Acute Myeloid Leukemia Cells-A Proteomic Study of Patient Heterogeneity and Its Modulation by Mesenchymal
Stromal Cells. Cancers 2021, 13, 1509. [CrossRef] [PubMed]

24. Ahmed, E.S.A.; Ahmed, N.H.; Medhat, A.M.; Said, U.Z.; Rashed, L.A.; Abdel Ghaffar, A.R.B. Mesenchymal stem cells targeting
PI3K/AKT pathway in leukemic model. Tumour Biol. 2019, 41, 6803. [CrossRef]

25. Bobyleva, P.; Gornostaeva, A.; Andreeva, E.; Ezdakova, M.; Gogiya, B.; Buravkova, L. Reciprocal modulation of cell functions
upon direct interaction of adipose mesenchymal stromal and activated immune cells. Cell Biochem. Funct. 2019, 37, 228–238.
[CrossRef]

26. Galan-Diez, M.; Cuesta-Dominguez, A.; Kousteni, S. The Bone Marrow Microenvironment in Health and Myeloid Malignancy.
Cold Spring Harb. Perspect. Med. 2018, 8, a031328. [CrossRef]

27. Moses, B.S.; Evans, R.; Slone, W.L.; Piktel, D.; Martinez, I.; Craig, M.D.; Gibson, L.F. Bone Marrow Microenvironment Niche
Regulates miR-221/222 in Acute Lymphoblastic Leukemia. Mol. Cancer Res. 2016, 14, 909–919. [CrossRef]

28. Sarmadi, V.H.; Ahmadloo, S.; Boroojerdi, M.H.; John, C.M.; Al-Graitte, S.J.R.; Lawal, H.; Maqbool, M.; Hwa, L.K.; Ramasamy, R.
Human Mesenchymal Stem Cells-mediated Transcriptomic Regulation of Leukemic Cells in Delivering Anti-tumorigenic Effects.
Cell Transplant. 2020, 29, 5077. [CrossRef]

29. Wenk, C.; Garz, A.K.; Grath, S.; Huberle, C.; Witham, D.; Weickert, M.; Malinverni, R.; Niggemeyer, J.; Kyncl, M.; Hecker, J.; et al.
Direct modulation of the bone marrow mesenchymal stromal cell compartment by azacitidine enhances healthy hematopoiesis.
Blood Adv. 2018, 2, 3447–3461. [CrossRef]

30. Vanegas, N.P.; Ruiz-Aparicio, P.F.; Uribe, G.I.; Linares-Ballesteros, A.; Vernot, J.P. Leukemia-Induced Cellular Senescence and
Stemness Alterations in Mesenchymal Stem Cells Are Reversible upon Withdrawal of B-Cell Acute Lymphoblastic Leukemia
Cells. Int. J. Mol. Sci. 2021, 22, 8166. [CrossRef]

31. Baker, N.; Boyette, L.B.; Tuan, R.S. Characterization of bone marrow-derived mesenchymal stem cells in aging. Bone 2015, 70,
37–47. [CrossRef] [PubMed]

32. Turinetto, V.; Vitale, E.; Giachino, C. Senescence in Human Mesenchymal Stem Cells: Functional Changes and Implications in
Stem Cell-Based Therapy. Int. J. Mol. Sci. 2016, 17, 1164. [CrossRef] [PubMed]

33. Tabe, Y.; Konopleva, M. Leukemia Stem Cells Microenvironment. Adv. Exp. Med. Biol. 2017, 1041, 19–32. [PubMed]
34. Hou, L.; Liu, T.; Tan, J.; Meng, W.; Deng, L.; Yu, H.; Zou, X.; Wang, Y. Long-term culture of leukemic bone marrow primary cells

in biomimetic osteoblast niche. Int. J. Hematol. 2009, 90, 281–291. [CrossRef] [PubMed]
35. Pabst, C.; Krosl, J.; Fares, I.; Boucher, G.; Ruel, R.; Marinier, A.; Lemieux, S.; Hebert, J.; Sauvageau, G. Identification of small

molecules that support human leukemia stem cell activity ex vivo. Nat. Methods 2014, 11, 436–442. [CrossRef]
36. Chandran, P.; Le, Y.; Li, Y.; Sabloff, M.; Mehic, J.; Rosu-Myles, M.; Allan, D.S. Mesenchymal stromal cells from patients with

acute myeloid leukemia have altered capacity to expand differentiated hematopoietic progenitors. Leuk. Res. 2015, 39, 486–493.
[CrossRef]

37. Houshmand, M.; Soleimani, M.; Atashi, A.; Saglio, G.; Abdollahi, M.; Nikougoftar Zarif, M. Mimicking the Acute Myeloid
Leukemia Niche for Molecular Study and Drug Screening. Tissue Eng. Part C Methods 2017, 23, 72–85. [CrossRef]

38. Lim, M.; Pang, Y.; Ma, S.; Hao, S.; Shi, H.; Zheng, Y.; Hua, C.; Gu, X.; Yang, F.; Yuan, W.; et al. Altered mesenchymal niche cells
impede generation of normal hematopoietic progenitor cells in leukemic bone marrow. Leukemia 2016, 30, 154–162. [CrossRef]

39. Konopleva, M.Y.; Jordan, C.T. Leukemia stem cells and microenvironment: Biology and therapeutic targeting. J. Clin. Oncol. 2011,
29, 591–599. [CrossRef]

http://doi.org/10.1038/leu.2017.259
http://doi.org/10.1186/s40164-016-0062-1
http://doi.org/10.3390/ijms18020199
http://doi.org/10.1016/j.cell.2014.02.013
http://doi.org/10.1155/2019/3864948
http://doi.org/10.1080/14728222.2020.1744850
http://doi.org/10.3390/cancers13215319
http://doi.org/10.1016/j.cmet.2020.09.001
http://www.ncbi.nlm.nih.gov/pubmed/32966766
http://doi.org/10.1002/ijc.32063
http://www.ncbi.nlm.nih.gov/pubmed/30548585
http://doi.org/10.3390/cancers13071509
http://www.ncbi.nlm.nih.gov/pubmed/33806032
http://doi.org/10.1177/1010428319846803
http://doi.org/10.1002/cbf.3388
http://doi.org/10.1101/cshperspect.a031328
http://doi.org/10.1158/1541-7786.MCR-15-0474
http://doi.org/10.1177/0963689719885077
http://doi.org/10.1182/bloodadvances.2018022053
http://doi.org/10.3390/ijms22158166
http://doi.org/10.1016/j.bone.2014.10.014
http://www.ncbi.nlm.nih.gov/pubmed/25445445
http://doi.org/10.3390/ijms17071164
http://www.ncbi.nlm.nih.gov/pubmed/27447618
http://www.ncbi.nlm.nih.gov/pubmed/29204827
http://doi.org/10.1007/s12185-009-0392-4
http://www.ncbi.nlm.nih.gov/pubmed/19669860
http://doi.org/10.1038/nmeth.2847
http://doi.org/10.1016/j.leukres.2015.01.013
http://doi.org/10.1089/ten.tec.2016.0404
http://doi.org/10.1038/leu.2015.210
http://doi.org/10.1200/JCO.2010.31.0904


Int. J. Mol. Sci. 2022, 23, 7350 17 of 24

40. Beneforti, L.; Dander, E.; Bresolin, S.; Bueno, C.; Acunzo, D.; Bertagna, M.; Ford, A.; Gentner, B.; Kronnie, G.T.; Vergani, P.; et al.
Pro-inflammatory cytokines favor the emergence of ETV6-RUNX1-positive pre-leukemic cells in a model of mesenchymal niche.
Br. J. Haematol. 2020, 190, 262–273. [CrossRef]

41. Dander, E.; Palmi, C.; D’Amico, G.; Cazzaniga, G. The Bone Marrow Niche in B-Cell Acute Lymphoblastic Leukemia: The Role of
Microenvironment from Pre-Leukemia to Overt Leukemia. Int. J. Mol. Sci. 2021, 22, 4426. [CrossRef] [PubMed]

42. Abdul-Aziz, A.M.; Sun, Y.; Hellmich, C.; Marlein, C.R.; Mistry, J.; Forde, E.; Piddock, R.E.; Shafat, M.S.; Morfakis, A.; Mehta, T.;
et al. Acute myeloid leukemia induces protumoral p16INK4a-driven senescence in the bone marrow microenvironment. Blood
2019, 133, 446–456. [CrossRef] [PubMed]

43. Fathi, E.; Vietor, I. Mesenchymal Stem Cells Promote Caspase Expression in Molt-4 Leukemia Cells Via GSK-3α/β and ERK1/2
Signaling Pathways as a Therapeutic Strategy. Curr. Gene Ther. 2021, 21, 81–88. [CrossRef]

44. Mattiucci, D.; Maurizi, G.; Leoni, P.; Poloni, A. Aging- and Senescence-associated Changes of Mesenchymal Stromal Cells in
Myelodysplastic Syndromes. Cell Transplant. 2018, 27, 754–764. [CrossRef] [PubMed]

45. Zhou, P.; Xia, C.; Wang, T.; Dong, Y.; Weng, Q.; Liu, X.; Geng, Y.; Wang, J.; Du, J. Senescent bone marrow microenvironment
promotes Nras-mutant leukemia. J. Mol. Cell Biol. 2021, 13, 72–74. [CrossRef]

46. Habiel, D.M.; Krepostman, N.; Lilly, M.; Cavassani, K.; Coelho, A.L.; Shibata, T.; Elenitoba-Johnson, K.; Hogaboam, C.M. Senescent
stromal cell-induced divergence and therapeutic resistance in T cell acute lymphoblastic leukemia/lymphoma. Oncotarget 2016, 7,
83514–83529. [CrossRef]

47. Bruserud, O.; Reikvam, H.; Brenner, A.K. Toll-like Receptor 4, Osteoblasts and Leukemogenesis; the Lesson from Acute Myeloid
Leukemia. Molecules 2022, 27, 735. [CrossRef]

48. Galan-Diez, M.; Borot, F.; Ali, A.M.; Zhao, J.; Gil-Iturbe, E.; Shan, X.; Luo, N.; Liu, Y.; Huang, X.P.; Bisikirska, B.; et al. Subversion
of Serotonin Receptor Signaling in Osteoblasts by Kynurenine Drives Acute Myeloid Leukemia. Cancer Discov. 2022, 12, 1106–1127.
[CrossRef]

49. Hayflick, L. The cell biology of human aging. N. Engl. J. Med. 1976, 295, 1302–1308. [CrossRef]
50. Calcinotto, A.; Kohli, J.; Zagato, E.; Pellegrini, L.; Demaria, M.; Alimonti, A. Cellular Senescence: Aging, Cancer, and Injury.

Physiol. Rev. 2019, 99, 1047–1078. [CrossRef]
51. Kumari, R.; Jat, P. Mechanisms of Cellular Senescence: Cell Cycle Arrest and Senescence Associated Secretory Phenotype. Front.

Cell Dev. Biol. 2021, 9, 645593. [CrossRef] [PubMed]
52. Ruiz-Aparicio, P.F.; Vernot, J.-P. Bone Marrow Aging and the Leukaemia-Induced Senescence of Mesenchymal Stem/Stromal

Cells: Exploring Similarities. J. Pers. Med. 2022, 12, 716. [CrossRef] [PubMed]
53. Campisi, J.; Andersen, J.K.; Kapahi, P.; Melov, S. Cellular senescence: A link between cancer and age-related degenerative disease?

Semin. Cancer Biol. 2011, 21, 354–359. [CrossRef]
54. Medema, J.P. Escape from senescence boosts tumour growth. Nature 2018, 553, 37–38. [CrossRef]
55. Milanovic, M.; Fan, D.N.Y.; Belenki, D.; Dabritz, J.H.M.; Zhao, Z.; Yu, Y.; Dorr, J.R.; Dimitrova, L.; Lenze, D.; Monteiro Barbosa,

I.A.; et al. Senescence-associated reprogramming promotes cancer stemness. Nature 2018, 553, 96–100. [CrossRef] [PubMed]
56. Vernot, J.P. Senescence-Associated Pro-inflammatory Cytokines and Tumor Cell Plasticity. Front. Mol. Biosci. 2020, 7, 63.

[CrossRef]
57. Campisi, J. Aging, cellular senescence, and cancer. Annu. Rev. Physiol. 2013, 75, 685–705. [CrossRef]
58. Hu, D.; Yuan, S.; Zhong, J.; Liu, Z.; Wang, Y.; Liu, L.; Li, J.; Wen, F.; Liu, J.; Zhang, J. Cellular senescence and hematological

malignancies: From pathogenesis to therapeutics. Pharmacol. Ther. 2021, 223, 107817. [CrossRef]
59. Hellmich, C.; Moore, J.A.; Bowles, K.M.; Rushworth, S.A. Bone Marrow Senescence and the Microenvironment of Hematological

Malignancies. Front. Oncol. 2020, 10, 230. [CrossRef]
60. Schosserer, M.; Grillari, J.; Breitenbach, M. The Dual Role of Cellular Senescence in Developing Tumors and Their Response to

Cancer Therapy. Front. Oncol. 2017, 7, 278. [CrossRef]
61. Fang, J.; Yan, Y.; Teng, X.; Wen, X.; Li, N.; Peng, S.; Liu, W.; Donadeu, F.X.; Zhao, S.; Hua, J. Melatonin prevents senescence of

canine adipose-derived mesenchymal stem cells through activating NRF2 and inhibiting ER stress. Aging 2018, 10, 2954–2972.
[CrossRef] [PubMed]

62. Klinkhammer, B.M.; Kramann, R.; Mallau, M.; Makowska, A.; van Roeyen, C.R.; Rong, S.; Buecher, E.B.; Boor, P.; Kovacova, K.;
Zok, S.; et al. Mesenchymal stem cells from rats with chronic kidney disease exhibit premature senescence and loss of regenerative
potential. PLoS ONE 2014, 9, e92115. [CrossRef] [PubMed]

63. Lee, W.J.; Lee, S.C.; Lee, J.H.; Rho, G.J.; Lee, S.L. Differential regulation of senescence and in vitro differentiation by 17β-estradiol
between mesenchymal stem cells derived from male and female mini-pigs. J. Vet. Sci. 2016, 17, 159–170. [CrossRef]

64. Pan, X.H.; Chen, Y.H.; Yang, Y.K.; Zhang, X.J.; Lin, Q.K.; Li, Z.A.; Cai, X.M.; Pang, R.Q.; Zhu, X.Q.; Ruan, G.P. Relationship
between senescence in macaques and bone marrow mesenchymal stem cells and the molecular mechanism. Aging 2019, 11,
590–614. [CrossRef] [PubMed]

65. Borghesan, M.; Hoogaars, W.M.H.; Varela-Eirin, M.; Talma, N.; Demaria, M. A Senescence-Centric View of Aging: Implications
for Longevity and Disease. Trends Cell Biol. 2020, 30, 777–791. [CrossRef]

66. Cucchi, D.G.J.; Groen, R.W.J.; Janssen, J.; Cloos, J. Ex vivo cultures and drug testing of primary acute myeloid leukemia samples:
Current techniques and implications for experimental design and outcome. Drug Resist. Updates 2020, 53, 100730. [CrossRef]

http://doi.org/10.1111/bjh.16523
http://doi.org/10.3390/ijms22094426
http://www.ncbi.nlm.nih.gov/pubmed/33922612
http://doi.org/10.1182/blood-2018-04-845420
http://www.ncbi.nlm.nih.gov/pubmed/30401703
http://doi.org/10.2174/1566523220666201005111126
http://doi.org/10.1177/0963689717745890
http://www.ncbi.nlm.nih.gov/pubmed/29682980
http://doi.org/10.1093/jmcb/mjaa062
http://doi.org/10.18632/oncotarget.13158
http://doi.org/10.3390/molecules27030735
http://doi.org/10.1158/2159-8290.CD-21-0692
http://doi.org/10.1056/NEJM197612022952308
http://doi.org/10.1152/physrev.00020.2018
http://doi.org/10.3389/fcell.2021.645593
http://www.ncbi.nlm.nih.gov/pubmed/33855023
http://doi.org/10.3390/jpm12050716
http://www.ncbi.nlm.nih.gov/pubmed/35629139
http://doi.org/10.1016/j.semcancer.2011.09.001
http://doi.org/10.1038/d41586-017-08652-0
http://doi.org/10.1038/nature25167
http://www.ncbi.nlm.nih.gov/pubmed/29258294
http://doi.org/10.3389/fmolb.2020.00063
http://doi.org/10.1146/annurev-physiol-030212-183653
http://doi.org/10.1016/j.pharmthera.2021.107817
http://doi.org/10.3389/fonc.2020.00230
http://doi.org/10.3389/fonc.2017.00278
http://doi.org/10.18632/aging.101602
http://www.ncbi.nlm.nih.gov/pubmed/30362962
http://doi.org/10.1371/journal.pone.0092115
http://www.ncbi.nlm.nih.gov/pubmed/24667162
http://doi.org/10.4142/jvs.2016.17.2.159
http://doi.org/10.18632/aging.101762
http://www.ncbi.nlm.nih.gov/pubmed/30673631
http://doi.org/10.1016/j.tcb.2020.07.002
http://doi.org/10.1016/j.drup.2020.100730


Int. J. Mol. Sci. 2022, 23, 7350 18 of 24

67. Rodrigues, J.; Heinrich, M.A.; Teixeira, L.M.; Prakash, J. 3D In Vitro Model (R)evolution: Unveiling Tumor-Stroma Interactions.
Trends Cancer 2021, 7, 249–264. [CrossRef]

68. Choi, J.S.; Mahadik, B.P.; Harley, B.A. Engineering the hematopoietic stem cell niche: Frontiers in biomaterial science. Biotechnol. J.
2015, 10, 1529–1545. [CrossRef]

69. Portale, F.; Beneforti, L.; Fallati, A.; Biondi, A.; Palmi, C.; Cazzaniga, G.; Dander, E.; D’Amico, G. Activin A contributes to the
definition of a pro-oncogenic bone marrow microenvironment in t(12;21) preleukemia. Exp. Hematol. 2019, 73, 7–12. [CrossRef]

70. Vicente Lopez, A.; Vazquez Garcia, M.N.; Melen, G.J.; Entrena Martinez, A.; Cubillo Moreno, I.; Garcia-Castro, J.; Orellana, M.R.;
Gonzalez, A.G. Mesenchymal stromal cells derived from the bone marrow of acute lymphoblastic leukemia patients show altered
BMP4 production: Correlations with the course of disease. PLoS ONE 2014, 9, e84496. [CrossRef]

71. Ruiz-Aparicio, P.F.; Uribe, G.I.; Linares-Ballesteros, A.; Vernot, J.P. Sensitization to Drug Treatment in Precursor B-Cell Acute
Lymphoblastic Leukemia Is Not Achieved by Stromal NF-kappaB Inhibition of Cell Adhesion but by Stromal PKC-Dependent
Inhibition of ABC Transporters Activity. Molecules 2021, 26, 5366. [CrossRef] [PubMed]

72. Ruiz-Aparicio, P.F.; Vanegas, N.P.; Uribe, G.I.; Ortiz-Montero, P.; Cadavid-Cortes, C.; Lagos, J.; Flechas-Afanador, J.; Linares-
Ballesteros, A.; Vernot, J.P. Dual Targeting of Stromal Cell Support and Leukemic Cell Growth by a Peptidic PKC Inhibitor Shows
Effectiveness against B-ALL. Int. J. Mol. Sci. 2020, 21, 3705. [CrossRef] [PubMed]

73. Azadniv, M.; Myers, J.R.; McMurray, H.R.; Guo, N.; Rock, P.; Coppage, M.L.; Ashton, J.; Becker, M.W.; Calvi, L.M.; Liesveld, J.L.
Bone marrow mesenchymal stromal cells from acute myelogenous leukemia patients demonstrate adipogenic differentiation
propensity with implications for leukemia cell support. Leukemia 2020, 34, 391–403. [CrossRef] [PubMed]

74. Okamoto, S.; Miyano, K.; Kitakaze, K.; Kato, H.; Yamauchi, A.; Kajikawa, M.; Itsumi, M.; Kawai, C.; Kuribayashi, F. Coculture
in vitro with endothelial cells induces cytarabine resistance of acute myeloid leukemia cells in a VEGF-A/VEGFR-2 signaling-
independent manner. Biochem. Biophys. Res. Commun. 2022, 587, 78–84. [CrossRef]

75. Vignon, C.; Debeissat, C.; Bourgeais, J.; Gallay, N.; Kouzi, F.; Anginot, A.; Picou, F.; Guardiola, P.; Ducrocq, E.; Foucault, A.; et al.
Involvement of GPx-3 in the Reciprocal Control of Redox Metabolism in the Leukemic Niche. Int. J. Mol. Sci. 2020, 21, 8584.
[CrossRef] [PubMed]

76. Moschoi, R.; Imbert, V.; Nebout, M.; Chiche, J.; Mary, D.; Prebet, T.; Saland, E.; Castellano, R.; Pouyet, L.; Collette, Y.; et al.
Protective mitochondrial transfer from bone marrow stromal cells to acute myeloid leukemic cells during chemotherapy. Blood
2016, 128, 253–264. [CrossRef]

77. Kouzi, F.; Zibara, K.; Bourgeais, J.; Picou, F.; Gallay, N.; Brossaud, J.; Dakik, H.; Roux, B.; Hamard, S.; Le Nail, L.R.; et al.
Disruption of gap junctions attenuates acute myeloid leukemia chemoresistance induced by bone marrow mesenchymal stromal
cells. Oncogene 2020, 39, 1198–1212. [CrossRef]

78. Mony, U.; Jawad, M.; Seedhouse, C.; Russell, N.; Pallis, M. Resistance to FLT3 inhibition in an in vitro model of primary AML
cells with a stem cell phenotype in a defined microenvironment. Leukemia 2008, 22, 1395–1401. [CrossRef]

79. Trimarco, V.; Ave, E.; Facco, M.; Chiodin, G.; Frezzato, F.; Martini, V.; Gattazzo, C.; Lessi, F.; Giorgi, C.A.; Visentin, A.; et al.
Cross-talk between chronic lymphocytic leukemia (CLL) tumor B cells and mesenchymal stromal cells (MSCs): Implications for
neoplastic cell survival. Oncotarget 2015, 6, 42130–42149. [CrossRef]

80. Panayiotidis, P.; Jones, D.; Ganeshaguru, K.; Foroni, L.; Hoffbrand, A.V. Human bone marrow stromal cells prevent apoptosis and
support the survival of chronic lymphocytic leukaemia cells in vitro. Br. J. Haematol. 1996, 92, 97–103. [CrossRef]

81. Simon-Gabriel, C.P.; Foerster, K.; Saleem, S.; Bleckmann, D.; Benkisser-Petersen, M.; Thornton, N.; Umezawa, K.; Decker, S.;
Burger, M.; Veelken, H.; et al. Microenvironmental stromal cells abrogate NF-kappaB inhibitor-induced apoptosis in chronic
lymphocytic leukemia. Haematologica 2018, 103, 136–147. [CrossRef] [PubMed]

82. Kurtova, A.V.; Balakrishnan, K.; Chen, R.; Ding, W.; Schnabl, S.; Quiroga, M.P.; Sivina, M.; Wierda, W.G.; Estrov, Z.; Keating,
M.J.; et al. Diverse marrow stromal cells protect CLL cells from spontaneous and drug-induced apoptosis: Development of a
reliable and reproducible system to assess stromal cell adhesion-mediated drug resistance. Blood 2009, 114, 4441–4450. [CrossRef]
[PubMed]

83. Crassini, K.; Shen, Y.; Mulligan, S.; Giles Best, O. Modeling the chronic lymphocytic leukemia microenvironment in vitro. Leuk.
Lymphoma 2017, 58, 266–279. [CrossRef]

84. Peerani, R.; Rao, B.M.; Bauwens, C.; Yin, T.; Wood, G.A.; Nagy, A.; Kumacheva, E.; Zandstra, P.W. Niche-mediated control of
human embryonic stem cell self-renewal and differentiation. EMBO J. 2007, 26, 4744–4755. [CrossRef] [PubMed]

85. Discher, D.E.; Mooney, D.J.; Zandstra, P.W. Growth factors, matrices, and forces combine and control stem cells. Science 2009, 324,
1673–1677. [CrossRef] [PubMed]

86. Ito, S.; Barrett, A.J.; Dutra, A.; Pak, E.; Miner, S.; Keyvanfar, K.; Hensel, N.F.; Rezvani, K.; Muranski, P.; Liu, P.; et al. Long term
maintenance of myeloid leukemic stem cells cultured with unrelated human mesenchymal stromal cells. Stem Cell Res. 2015, 14,
95–104. [CrossRef]

87. Corradi, G.; Baldazzi, C.; Ocadlikova, D.; Marconi, G.; Parisi, S.; Testoni, N.; Finelli, C.; Cavo, M.; Curti, A.; Ciciarello, M.
Mesenchymal stromal cells from myelodysplastic and acute myeloid leukemia patients display in vitro reduced proliferative
potential and similar capacity to support leukemia cell survival. Stem Cell Res. Ther. 2018, 9, 271. [CrossRef]

88. Despeaux, M.; Labat, E.; Gadelorge, M.; Prade, N.; Bertrand, J.; Demur, C.; Recher, C.; Bonnevialle, P.; Payrastre, B.; Bourin,
P.; et al. Critical features of FAK-expressing AML bone marrow microenvironment through leukemia stem cell hijacking of
mesenchymal stromal cells. Leukemia 2011, 25, 1789–1793. [CrossRef]

http://doi.org/10.1016/j.trecan.2020.10.009
http://doi.org/10.1002/biot.201400758
http://doi.org/10.1016/j.exphem.2019.02.006
http://doi.org/10.1371/journal.pone.0084496
http://doi.org/10.3390/molecules26175366
http://www.ncbi.nlm.nih.gov/pubmed/34500796
http://doi.org/10.3390/ijms21103705
http://www.ncbi.nlm.nih.gov/pubmed/32466311
http://doi.org/10.1038/s41375-019-0568-8
http://www.ncbi.nlm.nih.gov/pubmed/31492897
http://doi.org/10.1016/j.bbrc.2021.11.090
http://doi.org/10.3390/ijms21228584
http://www.ncbi.nlm.nih.gov/pubmed/33202543
http://doi.org/10.1182/blood-2015-07-655860
http://doi.org/10.1038/s41388-019-1069-y
http://doi.org/10.1038/leu.2008.125
http://doi.org/10.18632/oncotarget.6239
http://doi.org/10.1046/j.1365-2141.1996.00305.x
http://doi.org/10.3324/haematol.2017.165381
http://www.ncbi.nlm.nih.gov/pubmed/29122993
http://doi.org/10.1182/blood-2009-07-233718
http://www.ncbi.nlm.nih.gov/pubmed/19762485
http://doi.org/10.1080/10428194.2016.1204654
http://doi.org/10.1038/sj.emboj.7601896
http://www.ncbi.nlm.nih.gov/pubmed/17948051
http://doi.org/10.1126/science.1171643
http://www.ncbi.nlm.nih.gov/pubmed/19556500
http://doi.org/10.1016/j.scr.2014.11.007
http://doi.org/10.1186/s13287-018-1013-z
http://doi.org/10.1038/leu.2011.145


Int. J. Mol. Sci. 2022, 23, 7350 19 of 24

89. Garrido, S.M.; Appelbaum, F.R.; Willman, C.L.; Banker, D.E. Acute myeloid leukemia cells are protected from spontaneous and
drug-induced apoptosis by direct contact with a human bone marrow stromal cell line (HS-5). Exp. Hematol. 2001, 29, 448–457.
[CrossRef]

90. Hartwell, K.A.; Miller, P.G.; Mukherjee, S.; Kahn, A.R.; Stewart, A.L.; Logan, D.J.; Negri, J.M.; Duvet, M.; Jaras, M.; Puram, R.; et al.
Niche-based screening identifies small-molecule inhibitors of leukemia stem cells. Nat. Chem. Biol. 2013, 9, 840–848. [CrossRef]

91. Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix elasticity directs stem cell lineage specification. Cell 2006, 126, 677–689.
[CrossRef] [PubMed]

92. Kurpinski, K.; Chu, J.; Hashi, C.; Li, S. Anisotropic mechanosensing by mesenchymal stem cells. Proc. Natl. Acad. Sci. USA 2006,
103, 16095–16100. [CrossRef] [PubMed]

93. Mishra, P.; Martin, D.C.; Androulakis, I.P.; Moghe, P.V. Fluorescence Imaging of Actin Turnover Parses Early Stem Cell Lineage
Divergence and Senescence. Sci. Rep. 2019, 9, 10377. [CrossRef] [PubMed]

94. Vas, V.; Wandhoff, C.; Dorr, K.; Niebel, A.; Geiger, H. Contribution of an aged microenvironment to aging-associated myeloprolif-
erative disease. PLoS ONE 2012, 7, e31523. [CrossRef] [PubMed]

95. Duggal, S.; Brinchmann, J.E. Importance of serum source for the in vitro replicative senescence of human bone marrow derived
mesenchymal stem cells. J. Cell. Physiol. 2011, 226, 2908–2915. [CrossRef]

96. Andre, T.; Meuleman, N.; Stamatopoulos, B.; De Bruyn, C.; Pieters, K.; Bron, D.; Lagneaux, L. Evidences of early senescence in
multiple myeloma bone marrow mesenchymal stromal cells. PLoS ONE 2013, 8, e59756. [CrossRef]

97. Da Ros, F.; Persano, L.; Bizzotto, D.; Michieli, M.; Braghetta, P.; Mazzucato, M.; Bonaldo, P. Emilin-2 is a component of bone
marrow extracellular matrix regulating mesenchymal stem cell differentiation and hematopoietic progenitors. Stem Cell Res. Ther.
2022, 13, 2. [CrossRef]

98. Perico, M.E.; Maluta, T.; Conti, G.; Vella, A.; Provezza, L.; Cestari, T.; De Cao, G.; Segalla, L.; Tecchio, C.; Benedetti, F.; et al.
The Cross-Talk between Myeloid and Mesenchymal Stem Cells of Human Bone Marrow Represents a Biomarker of Aging That
Regulates Immune Response and Bone Reabsorption. Cells 2021, 11, 1. [CrossRef]

99. Li, X.; Wang, X.; Zhang, C.; Wang, J.; Wang, S.; Hu, L. Dysfunction of metabolic activity of bone marrow mesenchymal stem cells
in aged mice. Cell Prolif. 2022, 55, e13191. [CrossRef]

100. Manabe, A.; Coustan-Smith, E.; Behm, F.G.; Raimondi, S.C.; Campana, D. Bone marrow-derived stromal cells prevent apoptotic
cell death in B-lineage acute lymphoblastic leukemia. Blood 1992, 79, 2370–2377. [CrossRef]

101. Pal, D.; Blair, H.J.; Elder, A.; Dormon, K.; Rennie, K.J.; Coleman, D.J.; Weiland, J.; Rankin, K.S.; Filby, A.; Heidenreich, O.;
et al. Long-term in vitro maintenance of clonal abundance and leukaemia-initiating potential in acute lymphoblastic leukaemia.
Leukemia 2016, 30, 1691–1700. [CrossRef] [PubMed]

102. Rodling, L.; Schwedhelm, I.; Kraus, S.; Bieback, K.; Hansmann, J.; Lee-Thedieck, C. 3D models of the hematopoietic stem cell
niche under steady-state and active conditions. Sci. Rep. 2017, 7, 4625. [CrossRef] [PubMed]

103. Costa, B.N.L.; Adao, R.M.R.; Maibohm, C.; Accardo, A.; Cardoso, V.F.; Nieder, J.B. Cellular Interaction of Bone Marrow
Mesenchymal Stem Cells with Polymer and Hydrogel 3D Microscaffold Templates. ACS Appl. Mater. Interfaces 2022, 14,
13013–13024. [CrossRef] [PubMed]

104. Leisten, I.; Kramann, R.; Ventura Ferreira, M.S.; Bovi, M.; Neuss, S.; Ziegler, P.; Wagner, W.; Knuchel, R.; Schneider, R.K. 3D
co-culture of hematopoietic stem and progenitor cells and mesenchymal stem cells in collagen scaffolds as a model of the
hematopoietic niche. Biomaterials 2012, 33, 1736–1747. [CrossRef] [PubMed]

105. Raic, A.; Rodling, L.; Kalbacher, H.; Lee-Thedieck, C. Biomimetic macroporous PEG hydrogels as 3D scaffolds for the multiplica-
tion of human hematopoietic stem and progenitor cells. Biomaterials 2014, 35, 929–940. [CrossRef]

106. Sharma, M.B.; Limaye, L.S.; Kale, V.P. Mimicking the functional hematopoietic stem cell niche in vitro: Recapitulation of
marrow physiology by hydrogel-based three-dimensional cultures of mesenchymal stromal cells. Haematologica 2012, 97, 651–660.
[CrossRef]

107. Balandran, J.C.; Davila-Velderrain, J.; Sandoval-Cabrera, A.; Zamora-Herrera, G.; Teran-Cerqueda, V.; Garcia-Stivalet, L.A.; Limon-
Flores, J.A.; Armenta-Castro, E.; Rodriguez-Martinez, A.; Leon-Chavez, B.A.; et al. Patient-Derived Bone Marrow Spheroids
Reveal Leukemia-Initiating Cells Supported by Mesenchymal Hypoxic Niches in Pediatric B-ALL. Front. Immunol. 2021, 12,
746492. [CrossRef]

108. Garcia-Garcia, A.; Klein, T.; Born, G.; Hilpert, M.; Scherberich, A.; Lengerke, C.; Skoda, R.C.; Bourgine, P.E.; Martin, I. Culturing
patient-derived malignant hematopoietic stem cells in engineered and fully humanized 3D niches. Proc. Natl. Acad. Sci. USA
2021, 118, e2114227118. [CrossRef]

109. Zippel, S.; Raic, A.; Lee-Thedieck, C. Migration Assay for Leukemic Cells in a 3D Matrix Toward a Chemoattractant. Methods Mol.
Biol. 2019, 2017, 97–107.

110. Borella, G.; Da Ros, A.; Borile, G.; Porcu, E.; Tregnago, C.; Benetton, M.; Marchetti, A.; Bisio, V.; Montini, B.; Michielotto, B.; et al.
Targeting the plasticity of mesenchymal stromal cells to reroute the course of acute myeloid leukemia. Blood 2021, 138, 557–570.
[CrossRef]

111. Sola, A.; Bertacchini, J.; D’Avella, D.; Anselmi, L.; Maraldi, T.; Marmiroli, S.; Messori, M. Development of solvent-casting
particulate leaching (SCPL) polymer scaffolds as improved three-dimensional supports to mimic the bone marrow niche. Mater.
Sci. Eng. C Mater. Biol. Appl. 2019, 96, 153–165. [CrossRef] [PubMed]

http://doi.org/10.1016/S0301-472X(01)00612-9
http://doi.org/10.1038/nchembio.1367
http://doi.org/10.1016/j.cell.2006.06.044
http://www.ncbi.nlm.nih.gov/pubmed/16923388
http://doi.org/10.1073/pnas.0604182103
http://www.ncbi.nlm.nih.gov/pubmed/17060641
http://doi.org/10.1038/s41598-019-46682-y
http://www.ncbi.nlm.nih.gov/pubmed/31316098
http://doi.org/10.1371/journal.pone.0031523
http://www.ncbi.nlm.nih.gov/pubmed/22363661
http://doi.org/10.1002/jcp.22637
http://doi.org/10.1371/journal.pone.0059756
http://doi.org/10.1186/s13287-021-02674-2
http://doi.org/10.3390/cells11010001
http://doi.org/10.1111/cpr.13191
http://doi.org/10.1182/blood.V79.9.2370.2370
http://doi.org/10.1038/leu.2016.79
http://www.ncbi.nlm.nih.gov/pubmed/27109511
http://doi.org/10.1038/s41598-017-04808-0
http://www.ncbi.nlm.nih.gov/pubmed/28676663
http://doi.org/10.1021/acsami.1c23442
http://www.ncbi.nlm.nih.gov/pubmed/35282678
http://doi.org/10.1016/j.biomaterials.2011.11.034
http://www.ncbi.nlm.nih.gov/pubmed/22136713
http://doi.org/10.1016/j.biomaterials.2013.10.038
http://doi.org/10.3324/haematol.2011.050500
http://doi.org/10.3389/fimmu.2021.746492
http://doi.org/10.1073/pnas.2114227118
http://doi.org/10.1182/blood.2020009845
http://doi.org/10.1016/j.msec.2018.10.086
http://www.ncbi.nlm.nih.gov/pubmed/30606521


Int. J. Mol. Sci. 2022, 23, 7350 20 of 24

112. Bray, L.J.; Binner, M.; Korner, Y.; von Bonin, M.; Bornhauser, M.; Werner, C. A three-dimensional ex vivo tri-culture model mimics
cell-cell interactions between acute myeloid leukemia and the vascular niche. Haematologica 2017, 102, 1215–1226. [CrossRef]
[PubMed]

113. Whitehead, J.; Zhang, J.; Harvestine, J.N.; Kothambawala, A.; Liu, G.Y.; Leach, J.K. Tunneling nanotubes mediate the expression
of senescence markers in mesenchymal stem/stromal cell spheroids. Stem Cells 2020, 38, 80–89. [CrossRef]

114. Zhou, X.; Castro, N.J.; Zhu, W.; Cui, H.; Aliabouzar, M.; Sarkar, K.; Zhang, L.G. Improved Human Bone Marrow Mesenchymal
Stem Cell Osteogenesis in 3D Bioprinted Tissue Scaffolds with Low Intensity Pulsed Ultrasound Stimulation. Sci. Rep. 2016, 6,
32876. [CrossRef] [PubMed]

115. Bruce, A.; Evans, R.; Mezan, R.; Shi, L.; Moses, B.S.; Martin, K.H.; Gibson, L.F.; Yang, Y. Three-Dimensional Microfluidic
Tri-Culture Model of the Bone Marrow Microenvironment for Study of Acute Lymphoblastic Leukemia. PLoS ONE 2015, 10,
e0140506. [CrossRef] [PubMed]

116. Chen, Y.; Mao, P.; Snijders, A.M.; Wang, D. Senescence chips for ultrahigh-throughput isolation and removal of senescent cells.
Aging Cell 2018, 17, e12722. [CrossRef]

117. Kobel, S.A.; Burri, O.; Griffa, A.; Girotra, M.; Seitz, A.; Lutolf, M.P. Automated analysis of single stem cells in microfluidic traps.
Lab Chip 2012, 12, 2843–2849. [CrossRef]

118. Kotha, S.S.; Hayes, B.J.; Phong, K.T.; Redd, M.A.; Bomsztyk, K.; Ramakrishnan, A.; Torok-Storb, B.; Zheng, Y. Engineering a
multicellular vascular niche to model hematopoietic cell trafficking. Stem Cell Res. Ther. 2018, 9, 77. [CrossRef]

119. Torisawa, Y.S.; Spina, C.S.; Mammoto, T.; Mammoto, A.; Weaver, J.C.; Tat, T.; Collins, J.J.; Ingber, D.E. Bone marrow-on-a-chip
replicates hematopoietic niche physiology in vitro. Nat. Methods 2014, 11, 663–669. [CrossRef]

120. Raic, A.; Naolou, T.; Mohra, A.; Chatterjee, C.; Lee-Thedieck, C. 3D models of the bone marrow in health and disease: Yesterday,
today and tomorrow. MRS Commun. 2019, 9, 37–52. [CrossRef]

121. Cartledge Wolf, D.M.; Langhans, S.A. Moving Myeloid Leukemia Drug Discovery into the Third Dimension. Front. Pediatr. 2019,
7, 314. [CrossRef] [PubMed]

122. Aljitawi, O.S.; Li, D.; Xiao, Y.; Zhang, D.; Ramachandran, K.; Stehno-Bittel, L.; Van Veldhuizen, P.; Lin, T.L.; Kambhampati, S.;
Garimella, R. A novel three-dimensional stromal-based model for in vitro chemotherapy sensitivity testing of leukemia cells.
Leuk. Lymphoma 2014, 55, 378–391. [CrossRef]

123. Ma, C.; Witkowski, M.T.; Harris, J.; Dolgalev, I.; Sreeram, S.; Qian, W.; Tong, J.; Chen, X.; Aifantis, I.; Chen, W. Leukemia-on-a-chip:
Dissecting the chemoresistance mechanisms in B cell acute lymphoblastic leukemia bone marrow niche. Sci. Adv. 2020, 6, 44.
[CrossRef] [PubMed]

124. Mitchell, S.J.; Scheibye-Knudsen, M.; Longo, D.L.; de Cabo, R. Animal models of aging research: Implications for human aging
and age-related diseases. Annu. Rev. Anim. Biosci. 2015, 3, 283–303. [CrossRef] [PubMed]

125. Buffenstein, R.; Edrey, Y.H.; Larsen, P.L. Animal Models in Aging Research. In Sourcebook of Models for Biomedical Research; Conn,
P.M., Ed.; Humana Press: Totowa, NJ, USA, 2008.

126. Holtze, S.; Gorshkova, E.; Braude, S.; Cellerino, A.; Dammann, P.; Hildebrandt, T.B.; Hoeflich, A.; Hoffmann, S.; Koch, P.; Terzibasi
Tozzini, E.; et al. Alternative Animal Models of Aging Research. Front. Mol. Biosci. 2021, 8, 660959. [CrossRef]

127. Kattner, P.; Zeiler, K.; Herbener, V.J.; Ferla-Bruhl, K.; Kassubek, R.; Grunert, M.; Burster, T.; Bruhl, O.; Weber, A.S.; Strobel, H.; et al.
What Animal Cancers teach us about Human Biology. Theranostics 2021, 11, 6682–6702. [CrossRef]

128. Masoro, E.J. Animal Models in Aging Research. In Handbook of the Biology of Aging, 3rd ed.; Schneider, E.L., Rowe, J.W., Eds.;
Elsevier: Amsterdam, The Netherlands; Academic Press: Cambridge, MA, USA, 1990; p. 508.

129. Cook, G.J.; Pardee, T.S. Animal models of leukemia: Any closer to the real thing? Cancer Metastasis Rev. 2013, 32, 63–76. [CrossRef]
130. Bichi, R.; Shinton, S.A.; Martin, E.S.; Koval, A.; Calin, G.A.; Cesari, R.; Russo, G.; Hardy, R.R.; Croce, C.M. Human chronic

lymphocytic leukemia modeled in mouse by targeted TCL1 expression. Proc. Natl. Acad. Sci. USA 2002, 99, 6955–6960. [CrossRef]
131. Bjornson-Hooper, Z.B.; Fragiadakis, G.K.; Spitzer, M.H.; Chen, H.; Madhireddy, D.; Hu, K.; Lundsten, K.; McIlwain, D.R.; Nolan,

G.P. A Comprehensive Atlas of Immunological Differences Between Humans, Mice, and Non-Human Primates. Front. Immunol.
2022, 13, 867015. [CrossRef]

132. Rhrissorrakrai, K.; Belcastro, V.; Bilal, E.; Norel, R.; Poussin, C.; Mathis, C.; Dulize, R.H.; Ivanov, N.V.; Alexopoulos, L.; Rice, J.J.;
et al. Understanding the limits of animal models as predictors of human biology: Lessons learned from the sbv IMPROVER
Species Translation Challenge. Bioinformatics 2015, 31, 471–483. [CrossRef]

133. Seok, J.; Warren, H.S.; Cuenca, A.G.; Mindrinos, M.N.; Baker, H.V.; Xu, W.; Richards, D.R.; McDonald-Smith, G.P.; Gao, H.;
Hennessy, L.; et al. Inflammation, Host Response to Injury, Large Scale Collaborative Research Program. Genomic responses in
mouse models poorly mimic human inflammatory diseases. Proc. Natl. Acad. Sci. USA 2013, 110, 3507–3512. [CrossRef] [PubMed]

134. Alessio, N.; Capasso, S.; Ferone, A.; Di Bernardo, G.; Cipollaro, M.; Casale, F.; Peluso, G.; Giordano, A.; Galderisi, U. Misidentified
Human Gene Functions with Mouse Models: The Case of the Retinoblastoma Gene Family in Senescence. Neoplasia 2017, 19,
781–790. [CrossRef] [PubMed]

135. Van Norman, G.A. Limitations of Animal Studies for Predicting Toxicity in Clinical Trials: Is it Time to Rethink Our Current
Approach? JACC Basic Transl. Sci. 2019, 4, 845–854. [CrossRef] [PubMed]

136. Belotserkovskaya, E.; Demidov, O. Mouse Models of CMML. Int. J. Mol. Sci. 2021, 22, 11510. [CrossRef]
137. Groffen, J.; Voncken, J.W.; van Schaick, H.; Heisterkamp, N. Animal models for chronic myeloid leukemia and acute lymphoblastic

leukemia. Leukemia 1992, 6, 44–46.

http://doi.org/10.3324/haematol.2016.157883
http://www.ncbi.nlm.nih.gov/pubmed/28360147
http://doi.org/10.1002/stem.3056
http://doi.org/10.1038/srep32876
http://www.ncbi.nlm.nih.gov/pubmed/27597635
http://doi.org/10.1371/journal.pone.0140506
http://www.ncbi.nlm.nih.gov/pubmed/26488876
http://doi.org/10.1111/acel.12722
http://doi.org/10.1039/c2lc40317j
http://doi.org/10.1186/s13287-018-0808-2
http://doi.org/10.1038/nmeth.2938
http://doi.org/10.1557/mrc.2018.203
http://doi.org/10.3389/fped.2019.00314
http://www.ncbi.nlm.nih.gov/pubmed/31417884
http://doi.org/10.3109/10428194.2013.793323
http://doi.org/10.1126/sciadv.aba5536
http://www.ncbi.nlm.nih.gov/pubmed/33127669
http://doi.org/10.1146/annurev-animal-022114-110829
http://www.ncbi.nlm.nih.gov/pubmed/25689319
http://doi.org/10.3389/fmolb.2021.660959
http://doi.org/10.7150/thno.56623
http://doi.org/10.1007/s10555-012-9405-5
http://doi.org/10.1073/pnas.102181599
http://doi.org/10.3389/fimmu.2022.867015
http://doi.org/10.1093/bioinformatics/btu611
http://doi.org/10.1073/pnas.1222878110
http://www.ncbi.nlm.nih.gov/pubmed/23401516
http://doi.org/10.1016/j.neo.2017.06.005
http://www.ncbi.nlm.nih.gov/pubmed/28865301
http://doi.org/10.1016/j.jacbts.2019.10.008
http://www.ncbi.nlm.nih.gov/pubmed/31998852
http://doi.org/10.3390/ijms222111510


Int. J. Mol. Sci. 2022, 23, 7350 21 of 24

138. Ilaria, R.L., Jr. Animal models of chronic myelogenous leukemia. Hematol. Oncol. Clin. N. Am. 2004, 18, 525–543. [CrossRef]
139. Li, W.; Cao, L.; Li, M.; Yang, X.; Zhang, W.; Song, Z.; Wang, X.; Zhang, L.; Morahan, G.; Qin, C.; et al. Novel spontaneous

myelodysplastic syndrome mouse model. Anim. Model Exp. Med. 2021, 4, 169–180. [CrossRef]
140. Ma, W.; Ma, N.; Chen, X.; Zhang, Y.; Zhang, W. An overview of chronic myeloid leukemia and its animal models. Sci. China Life

Sci. 2015, 58, 1202–1208. [CrossRef]
141. McCormack, E.; Bruserud, O.; Gjertsen, B.T. Animal models of acute myelogenous leukaemia-development, application and

future perspectives. Leukemia 2005, 19, 687–706. [CrossRef]
142. McCormick, D.L.; Kavet, R. Animal models for the study of childhood leukemia: Considerations for model identification and

optimization to identify potential risk factors. Int. J. Toxicol. 2004, 23, 149–161. [CrossRef]
143. Pekarsky, Y.; Calin, G.A.; Aqeilan, R. Chronic lymphocytic leukemia: Molecular genetics and animal models. Curr. Top. Microbiol.

Immunol. 2005, 294, 51–70. [PubMed]
144. Pekarsky, Y.; Zanesi, N.; Aqeilan, R.I.; Croce, C.M. Animal models for chronic lymphocytic leukemia. J. Cell. Biochem. 2007, 100,

1109–1118. [CrossRef] [PubMed]
145. Skayneh, H.; Jishi, B.; Hleihel, R.; Hamieh, M.; Darwiche, N.; Bazarbachi, A.; El Sabban, M.; El Hajj, H. A Critical Review of

Animal Models Used in Acute Myeloid Leukemia Pathophysiology. Genes 2019, 10, 614. [CrossRef] [PubMed]
146. Walsh, N.C.; Kenney, L.L.; Jangalwe, S.; Aryee, K.E.; Greiner, D.L.; Brehm, M.A.; Shultz, L.D. Humanized Mouse Models of

Clinical Disease. Annu. Rev. Pathol. 2017, 12, 187–215. [CrossRef] [PubMed]
147. Bareham, B.; Georgakopoulos, N.; Matas-Cespedes, A.; Curran, M.; Saeb-Parsy, K. Modeling human tumor-immune environments

in vivo for the preclinical assessment of immunotherapies. Cancer Immunol. Immunother. 2021, 70, 2737–2750. [CrossRef]
148. Jacoby, E.; Chien, C.D.; Fry, T.J. Murine models of acute leukemia: Important tools in current pediatric leukemia research. Front.

Oncol. 2014, 4, 95. [CrossRef]
149. Kohnken, R.; Porcu, P.; Mishra, A. Overview of the Use of Murine Models in Leukemia and Lymphoma Research. Front. Oncol.

2017, 7, 22. [CrossRef]
150. Morton, J.J.; Bird, G.; Refaeli, Y.; Jimeno, A. Humanized Mouse Xenograft Models: Narrowing the Tumor-Microenvironment Gap.

Cancer Res. 2016, 76, 6153–6158. [CrossRef]
151. Xu, X.; Gu, H.; Li, H.; Gao, S.; Shi, X.; Shen, J.; Li, B.; Wang, H.; Zheng, K.; Shao, Z.; et al. Large-cohort humanized NPI mice

reconstituted with CD34+ hematopoietic stem cells are feasible for evaluating preclinical cancer immunotherapy. FASEB J. 2022,
36, e22244. [CrossRef]

152. Olson, B.; Li, Y.; Lin, Y.; Liu, E.T.; Patnaik, A. Mouse Models for Cancer Immunotherapy Research. Cancer Discov. 2018, 8,
1358–1365. [CrossRef]

153. Zoine, J.T.; Moore, S.E.; Velasquez, M.P. Leukemia’s Next Top Model? Syngeneic Models to Advance Adoptive Cellular Therapy.
Front. Immunol. 2022, 13, 867103. [CrossRef] [PubMed]

154. Keinan, N.; Scharff, Y.; Goldstein, O.; Chamo, M.; Ilic, S.; Gazit, R. Syngeneic leukemia models using lentiviral transgenics. Cell
Death Dis. 2021, 12, 193. [CrossRef] [PubMed]

155. Chen, Y.; Jacamo, R.; Shi, Y.X.; Wang, R.Y.; Battula, V.L.; Konoplev, S.; Strunk, D.; Hofmann, N.A.; Reinisch, A.; Konopleva, M.; et al.
Human extramedullary bone marrow in mice: A novel in vivo model of genetically controlled hematopoietic microenvironment.
Blood 2012, 119, 4971–4980. [CrossRef] [PubMed]

156. Groen, R.W.; Noort, W.A.; Raymakers, R.A.; Prins, H.J.; Aalders, L.; Hofhuis, F.M.; Moerer, P.; van Velzen, J.F.; Bloem, A.C.; van
Kessel, B.; et al. Reconstructing the human hematopoietic niche in immunodeficient mice: Opportunities for studying primary
multiple myeloma. Blood 2012, 120, e9–e16. [CrossRef]

157. Ablain, J.; Nasr, R.; Zhu, J.; Bazarbachi, A.; Lallemand-Breittenbach, V.; de Thé, H. How animal models of leukaemias have
already benefited patients. Mol. Oncol. 2013, 7, 224–231. [CrossRef]

158. Burd, C.E.; Sorrentino, J.A.; Clark, K.S.; Darr, D.B.; Krishnamurthy, J.; Deal, A.M.; Bardeesy, N.; Castrillon, D.H.; Beach, D.H.;
Sharpless, N.E. Monitoring tumorigenesis and senescence in vivo with a p16(INK4a)-luciferase model. Cell 2013, 152, 340–351.
[CrossRef]

159. Ma, C.; Pi, C.; Yang, Y.; Lin, L.; Shi, Y.; Li, Y.; Li, Y.; He, X. Nampt Expression Decreases Age-Related Senescence in Rat Bone
Marrow Mesenchymal Stem Cells by Targeting Sirt1. PLoS ONE 2017, 12, e0170930. [CrossRef]

160. Ridzuan, N.; Al Abbar, A.; Yip, W.K.; Maqbool, M.; Ramasamy, R. Characterization and Expression of Senescence Marker in
Prolonged Passages of Rat Bone Marrow-Derived Mesenchymal Stem Cells. Stem Cells Int. 2016, 2016, 8487264. [CrossRef]

161. Yousefzadeh, M.J.; Melos, K.I.; Angelini, L.; Burd, C.E.; Robbins, P.D.; Niedernhofer, L.J. Mouse Models of Accelerated Cellular
Senescence. Methods Mol. Biol. 2019, 1896, 203–230.

162. Yegorov, Y.E.; Semenova, I.V.; Karachentsev, D.N.; Semenova, M.L.; Akimov, S.S.; Yegorova, I.; Zelenin, A.V. Senescent Accelerated
Mouse (SAM): A Model that Binds In Vivo and In Vitro Aging. J. Anti Aging Med. 2001, 4, 39–47. [CrossRef]

163. Carp, R.I.; Meeker, H.C.; Chung, R.; Kozak, C.A.; Hosokawa, M.; Fujisawa, H. Murine leukemia virus in organs of senescence-
prone and -resistant mouse strains. Mech. Ageing Dev. 2002, 123, 575–584. [CrossRef]

164. Harkema, L.; Youssef, S.A.; de Bruin, A. Pathology of Mouse Models of Accelerated Aging. Vet. Pathol. 2016, 53, 366–389.
[CrossRef] [PubMed]

165. Kudlova, N.; De Sanctis, J.B.; Hajduch, M. Cellular Senescence: Molecular Targets, Biomarkers, and Senolytic Drugs. Int. J. Mol.
Sci. 2022, 23, 4168. [CrossRef]

http://doi.org/10.1016/j.hoc.2004.03.003
http://doi.org/10.1002/ame2.12168
http://doi.org/10.1007/s11427-015-4965-6
http://doi.org/10.1038/sj.leu.2403670
http://doi.org/10.1080/10915810490471325
http://www.ncbi.nlm.nih.gov/pubmed/16323427
http://doi.org/10.1002/jcb.21147
http://www.ncbi.nlm.nih.gov/pubmed/17131382
http://doi.org/10.3390/genes10080614
http://www.ncbi.nlm.nih.gov/pubmed/31412687
http://doi.org/10.1146/annurev-pathol-052016-100332
http://www.ncbi.nlm.nih.gov/pubmed/27959627
http://doi.org/10.1007/s00262-021-02897-5
http://doi.org/10.3389/fonc.2014.00095
http://doi.org/10.3389/fonc.2017.00022
http://doi.org/10.1158/0008-5472.CAN-16-1260
http://doi.org/10.1096/fj.202101548RR
http://doi.org/10.1158/2159-8290.CD-18-0044
http://doi.org/10.3389/fimmu.2022.867103
http://www.ncbi.nlm.nih.gov/pubmed/35401520
http://doi.org/10.1038/s41419-021-03477-2
http://www.ncbi.nlm.nih.gov/pubmed/33602907
http://doi.org/10.1182/blood-2011-11-389957
http://www.ncbi.nlm.nih.gov/pubmed/22490334
http://doi.org/10.1182/blood-2012-03-414920
http://doi.org/10.1016/j.molonc.2013.01.006
http://doi.org/10.1016/j.cell.2012.12.010
http://doi.org/10.1371/journal.pone.0170930
http://doi.org/10.1155/2016/8487264
http://doi.org/10.1089/109454501750225677
http://doi.org/10.1016/S0047-6374(01)00377-3
http://doi.org/10.1177/0300985815625169
http://www.ncbi.nlm.nih.gov/pubmed/26864891
http://doi.org/10.3390/ijms23084168


Int. J. Mol. Sci. 2022, 23, 7350 22 of 24

166. Ma, Z.; Zhao, X.; Deng, M.; Huang, Z.; Wang, J.; Wu, Y.; Cui, D.; Liu, Y.; Liu, R.; Ouyang, G. Bone Marrow Mesenchymal Stromal
Cell-Derived Periostin Promotes B-ALL Progression by Modulating CCL2 in Leukemia Cells. Cell Rep. 2019, 26, 1533–1543.
[CrossRef] [PubMed]

167. Agarwal, P.; Isringhausen, S.; Li, H.; Paterson, A.J.; He, J.; Gomariz, A.; Nagasawa, T.; Nombela-Arrieta, C.; Bhatia, R. Mesenchy-
mal Niche-Specific Expression of Cxcl12 Controls Quiescence of Treatment-Resistant Leukemia Stem Cells. Cell Stem Cell 2019, 24,
769–784. [CrossRef] [PubMed]

168. Ho, Y.H.; Mendez-Ferrer, S. Microenvironmental contributions to hematopoietic stem cell aging. Haematologica 2020, 105, 38–46.
[CrossRef]

169. Duarte, D.; Hawkins, E.D.; Lo Celso, C. The interplay of leukemia cells and the bone marrow microenvironment. Blood 2018, 131,
1507–1511. [CrossRef]

170. Xia, C.; Wang, T.; Cheng, H.; Dong, Y.; Weng, Q.; Sun, G.; Zhou, P.; Wang, K.; Liu, X.; Geng, Y.; et al. Mesenchymal stem cells
suppress leukemia via macrophage-mediated functional restoration of bone marrow microenvironment. Leukemia 2020, 34,
2375–2383. [CrossRef]

171. Baker, D.J.; Wijshake, T.; Tchkonia, T.; LeBrasseur, N.K.; Childs, B.G.; van de Sluis, B.; Kirkland, J.L.; van Deursen, J.M. Clearance
of p16Ink4a-positive senescent cells delays ageing-associated disorders. Nature 2011, 479, 232–236. [CrossRef]

172. Yamakoshi, K.; Takahashi, A.; Hirota, F.; Nakayama, R.; Ishimaru, N.; Kubo, Y.; Mann, D.J.; Ohmura, M.; Hirao, A.; Saya, H.; et al.
Real-time in vivo imaging of p16Ink4a reveals cross talk with p53. J. Cell Biol. 2009, 186, 393–407. [CrossRef]

173. Liu, J.Y.; Souroullas, G.P.; Diekman, B.O.; Krishnamurthy, J.; Hall, B.M.; Sorrentino, J.A.; Parker, J.S.; Sessions, G.A.; Gudkov, A.V.;
Sharpless, N.E. Cells exhibiting strong p16 (INK4a) promoter activation in vivo display features of senescence. Proc. Natl. Acad.
Sci. USA 2019, 116, 2603–2611. [CrossRef] [PubMed]

174. Demaria, M.; Ohtani, N.; Youssef, S.A.; Rodier, F.; Toussaint, W.; Mitchell, J.R.; Laberge, R.M.; Vijg, J.; Van Steeg, H.; Dolle, M.E.; et al. An
essential role for senescent cells in optimal wound healing through secretion of PDGF-AA. Dev. Cell 2014, 31, 722–733. [CrossRef]
[PubMed]

175. Li, H.; Liu, P.; Xu, S.; Li, Y.; Dekker, J.D.; Li, B.; Fan, Y.; Zhang, Z.; Hong, Y.; Yang, G.; et al. FOXP1 controls mesenchymal stem cell
commitment and senescence during skeletal aging. J. Clin. Investig. 2017, 127, 1241–1253. [CrossRef]

176. Demaria, M.; O’Leary, M.N.; Chang, J.; Shao, L.; Liu, S.; Alimirah, F.; Koenig, K.; Le, C.; Mitin, N.; Deal, A.M.; et al. Cellular
Senescence Promotes Adverse Effects of Chemotherapy and Cancer Relapse. Cancer Discov. 2017, 7, 165–176. [CrossRef] [PubMed]

177. Hall, B.M.; Balan, V.; Gleiberman, A.S.; Strom, E.; Krasnov, P.; Virtuoso, L.P.; Rydkina, E.; Vujcic, S.; Balan, K.; Gitlin, I.I.; et al.
p16(Ink4a) and senescence-associated beta-galactosidase can be induced in macrophages as part of a reversible response to
physiological stimuli. Aging 2017, 9, 1867–1884. [CrossRef] [PubMed]

178. Erusalimsky, J.D.; Kurz, D.J. Cellular senescence in vivo: Its relevance in ageing and cardiovascular disease. Exp. Gerontol. 2005,
40, 634–642. [CrossRef]

179. Prieto-Bermejo, R.; Romo-Gonzalez, M.; Perez-Fernandez, A.; Ijurko, C.; Hernandez-Hernandez, A. Reactive oxygen species in
haematopoiesis: Leukaemic cells take a walk on the wild side. J. Exp. Clin. Cancer Res. 2018, 37, 125. [CrossRef]

180. Lu, W.; Ogasawara, M.A.; Huang, P. Models of reactive oxygen species in cancer. Drug Discov. Today Dis. Models 2007, 4, 67–73.
[CrossRef]

181. Cook, J.A.; Gius, D.; Wink, D.A.; Krishna, M.C.; Russo, A.; Mitchell, J.B. Oxidative stress, redox, and the tumor microenvironment.
Semin. Radiat. Oncol. 2004, 14, 259–266. [CrossRef]

182. Krishna, M.C.; English, S.; Yamada, K.; Yoo, J.; Murugesan, R.; Devasahayam, N.; Cook, J.A.; Golman, K.; Ardenkjaer-Larsen, J.H.;
Subramanian, S.; et al. Overhauser enhanced magnetic resonance imaging for tumor oximetry: Coregistration of tumor anatomy
and tissue oxygen concentration. Proc. Natl. Acad. Sci. USA 2002, 99, 2216–2221. [CrossRef]

183. Kuppusamy, P.; Li, H.; Ilangovan, G.; Cardounel, A.J.; Zweier, J.L.; Yamada, K.; Krishna, M.C.; Mitchell, J.B. Noninvasive imaging
of tumor redox status and its modification by tissue glutathione levels. Cancer Res. 2002, 62, 307–312. [PubMed]

184. Yamada, K.I.; Kuppusamy, P.; English, S.; Yoo, J.; Irie, A.; Subramanian, S.; Mitchell, J.B.; Krishna, M.C. Feasibility and assessment
of non-invasive in vivo redox status using electron paramagnetic resonance imaging. Acta Radiol. 2002, 43, 433–440. [CrossRef]
[PubMed]

185. Taniguchi Ishikawa, E.; Gonzalez-Nieto, D.; Ghiaur, G.; Dunn, S.K.; Ficker, A.M.; Murali, B.; Madhu, M.; Gutstein, D.E.; Fishman,
G.I.; Barrio, L.C.; et al. Connexin-43 prevents hematopoietic stem cell senescence through transfer of reactive oxygen species to
bone marrow stromal cells. Proc. Natl. Acad. Sci. USA 2012, 109, 9071–9076. [CrossRef] [PubMed]

186. Marlein, C.R.; Zaitseva, L.; Piddock, R.E.; Robinson, S.D.; Edwards, D.R.; Shafat, M.S.; Zhou, Z.; Lawes, M.; Bowles, K.M.;
Rushworth, S.A. NADPH oxidase-2 derived superoxide drives mitochondrial transfer from bone marrow stromal cells to leukemic
blasts. Blood 2017, 130, 1649–1660. [CrossRef] [PubMed]

187. Lim, M.; Batista, C.R.; de Oliveira, B.R.; Creighton, R.; Ferguson, J.; Clemmer, K.; Knight, D.; Iansavitchous, J.; Mahmood, D.;
Avino, M.; et al. Janus Kinase Mutations in Mice Lacking PU.1 and Spi-B Drive B Cell Leukemia through Reactive Oxygen
Species-Induced DNA Damage. Mol. Cell. Biol. 2020, 40, e00189-20. [CrossRef] [PubMed]

188. Lidzbarsky, G.; Gutman, D.; Shekhidem, H.A.; Sharvit, L.; Atzmon, G. Genomic Instabilities, Cellular Senescence, and Aging: In
Vitro, In Vivo and Aging-Like Human Syndromes. Front. Med. 2018, 5, 104. [CrossRef] [PubMed]

189. Calado, R.T.; Dumitriu, B. Telomere dynamics in mice and humans. Semin. Hematol. 2013, 50, 165–174. [CrossRef]

http://doi.org/10.1016/j.celrep.2019.01.034
http://www.ncbi.nlm.nih.gov/pubmed/30726736
http://doi.org/10.1016/j.stem.2019.02.018
http://www.ncbi.nlm.nih.gov/pubmed/30905620
http://doi.org/10.3324/haematol.2018.211334
http://doi.org/10.1182/blood-2017-12-784132
http://doi.org/10.1038/s41375-020-0775-3
http://doi.org/10.1038/nature10600
http://doi.org/10.1083/jcb.200904105
http://doi.org/10.1073/pnas.1818313116
http://www.ncbi.nlm.nih.gov/pubmed/30683717
http://doi.org/10.1016/j.devcel.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/25499914
http://doi.org/10.1172/JCI89511
http://doi.org/10.1158/2159-8290.CD-16-0241
http://www.ncbi.nlm.nih.gov/pubmed/27979832
http://doi.org/10.18632/aging.101268
http://www.ncbi.nlm.nih.gov/pubmed/28768895
http://doi.org/10.1016/j.exger.2005.04.010
http://doi.org/10.1186/s13046-018-0797-0
http://doi.org/10.1016/j.ddmod.2007.10.005
http://doi.org/10.1016/j.semradonc.2004.04.001
http://doi.org/10.1073/pnas.042671399
http://www.ncbi.nlm.nih.gov/pubmed/11782393
http://doi.org/10.1034/j.1600-0455.2002.430418.x
http://www.ncbi.nlm.nih.gov/pubmed/12225490
http://doi.org/10.1073/pnas.1120358109
http://www.ncbi.nlm.nih.gov/pubmed/22611193
http://doi.org/10.1182/blood-2017-03-772939
http://www.ncbi.nlm.nih.gov/pubmed/28733324
http://doi.org/10.1128/MCB.00189-20
http://www.ncbi.nlm.nih.gov/pubmed/32631903
http://doi.org/10.3389/fmed.2018.00104
http://www.ncbi.nlm.nih.gov/pubmed/29719834
http://doi.org/10.1053/j.seminhematol.2013.03.030


Int. J. Mol. Sci. 2022, 23, 7350 23 of 24

190. Wright, W.E.; Shay, J.W. Telomere dynamics in cancer progression and prevention: Fundamental differences in human and mouse
telomere biology. Nat. Med. 2000, 6, 849–851. [CrossRef]

191. Gomes, N.M.; Ryder, O.A.; Houck, M.L.; Charter, S.J.; Walker, W.; Forsyth, N.R.; Austad, S.N.; Venditti, C.; Pagel, M.; Shay, J.W.;
et al. Comparative biology of mammalian telomeres: Hypotheses on ancestral states and the roles of telomeres in longevity
determination. Aging Cell 2011, 10, 761–768. [CrossRef]

192. Vera, E.; Bernardes de Jesus, B.; Foronda, M.; Flores, J.M.; Blasco, M.A. The rate of increase of short telomeres predicts longevity
in mammals. Cell Rep. 2012, 2, 732–737. [CrossRef]

193. Raval, A.; Behbehani, G.K.; Nguyenle, X.T.; Thomas, D.; Kusler, B.; Garbuzov, A.; Ramunas, J.; Holbrook, C.; Park, C.Y.; Blau, H.;
et al. Reversibility of Defective Hematopoiesis Caused by Telomere Shortening in Telomerase Knockout Mice. PLoS ONE 2015, 10,
e0131722. [CrossRef] [PubMed]

194. Munoz-Lorente, M.A.; Cano-Martin, A.C.; Blasco, M.A. Mice with hyper-long telomeres show less metabolic aging and longer
lifespans. Nat. Commun. 2019, 10, 4723. [CrossRef] [PubMed]

195. Ma, S.; Sun, G.; Yang, S.; Ju, Z.; Cheng, T.; Cheng, H. Effects of telomere length on leukemogenesis. Sci. China Life Sci. 2020, 63,
308–311. [CrossRef] [PubMed]

196. Kishtagari, A.; Watts, J. Biological and clinical implications of telomere dysfunction in myeloid malignancies. Ther. Adv. Hematol.
2017, 8, 317–326. [CrossRef] [PubMed]

197. Bruedigam, C.; Bagger, F.O.; Heidel, F.H.; Paine Kuhn, C.; Guignes, S.; Song, A.; Austin, R.; Vu, T.; Lee, E.; Riyat, S.; et al.
Telomerase inhibition effectively targets mouse and human AML stem cells and delays relapse following chemotherapy. Cell
Stem Cell 2014, 15, 775–790. [CrossRef]

198. Jebaraj, B.M.C.; Stilgenbauer, S. Telomere Dysfunction in Chronic Lymphocytic Leukemia. Front. Oncol. 2020, 10, 612665.
[CrossRef]

199. Kohler, A.; Schmithorst, V.; Filippi, M.D.; Ryan, M.A.; Daria, D.; Gunzer, M.; Geiger, H. Altered cellular dynamics and endosteal
location of aged early hematopoietic progenitor cells revealed by time-lapse intravital imaging in long bones. Blood 2009, 114,
290–298. [CrossRef]

200. Lozano-Torres, B.; Galiana, I.; Rovira, M.; Garrido, E.; Chaib, S.; Bernardos, A.; Munoz-Espin, D.; Serrano, M.; Martinez-Manez,
R.; Sancenon, F. An OFF-ON Two-Photon Fluorescent Probe for Tracking Cell Senescence in Vivo. J. Am. Chem. Soc. 2017, 139,
8808–8811. [CrossRef]

201. Lozano-Torres, B.; Blandez, J.F.; Galiana, I.; Lopez-Dominguez, J.A.; Rovira, M.; Paez-Ribes, M.; Gonzalez-Gualda, E.; Munoz-
Espin, D.; Serrano, M.; Sancenon, F.; et al. Two-Photon Probe Based on Naphthalimide-Styrene Fluorophore for the In Vivo
Tracking of Cellular Senescence. Anal. Chem. 2021, 93, 3052–3060. [CrossRef]

202. Morsli, S.; Doherty, G.J.; Munoz-Espin, D. Activatable senoprobes and senolytics: Novel strategies to detect and target senescent
cells. Mech. Ageing Dev. 2022, 202, 111618. [CrossRef]

203. Rytelewski, M.; Haryutyunan, K.; Nwajei, F.; Shanmugasundaram, M.; Wspanialy, P.; Zal, M.A.; Chen, C.H.; El Khatib, M.;
Plunkett, S.; Vinogradov, S.A.; et al. Merger of dynamic two-photon and phosphorescence lifetime microscopy reveals dependence
of lymphocyte motility on oxygen in solid and hematological tumors. J. Immunother. Cancer 2019, 7, 78. [CrossRef] [PubMed]

204. Kirkland, J.L.; Tchkonia, T. Senolytic drugs: From discovery to translation. J. Intern. Med. 2020, 288, 518–536. [CrossRef] [PubMed]
205. Alvarez, M.C.; Maso, V.; Torello, C.O.; Ferro, K.P.; Saad, S.T.O. The polyphenol quercetin induces cell death in leukemia by

targeting epigenetic regulators of pro-apoptotic genes. Clin. Epigenet. 2018, 10, 139. [CrossRef] [PubMed]
206. Chen, Y.X.; Wang, C.J.; Xiao, D.S.; He, B.M.; Li, M.; Yi, X.P.; Zhang, W.; Yin, J.Y.; Liu, Z.Q. eIF3a R803K mutation mediates

chemotherapy resistance by inducing cellular senescence in small cell lung cancer. Pharmacol. Res. 2021, 174, 105934. [CrossRef]
[PubMed]

207. Yousefzadeh, M.J.; Zhu, Y.; McGowan, S.J.; Angelini, L.; Fuhrmann-Stroissnigg, H.; Xu, M.; Ling, Y.Y.; Melos, K.I.; Pirtskhalava, T.;
Inman, C.L.; et al. Fisetin is a senotherapeutic that extends health and lifespan. EBioMedicine 2018, 36, 18–28. [CrossRef]

208. De Vos, S.; Leonard, J.P.; Friedberg, J.W.; Zain, J.; Dunleavy, K.; Humerickhouse, R.; Hayslip, J.; Pesko, J.; Wilson, W.H. Safety and
efficacy of navitoclax, a BCL-2 and BCL-XL inhibitor, in patients with relapsed or refractory lymphoid malignancies: Results from
a phase 2a study. Leuk. Lymphoma 2021, 62, 810–818. [CrossRef]

209. Pullarkat, V.A.; Lacayo, N.J.; Jabbour, E.; Rubnitz, J.E.; Bajel, A.; Laetsch, T.W.; Leonard, J.; Colace, S.I.; Khaw, S.L.; Fleming,
S.A.; et al. Venetoclax and Navitoclax in Combination with Chemotherapy in Patients with Relapsed or Refractory Acute
Lymphoblastic Leukemia and Lymphoblastic Lymphoma. Cancer Discov. 2021, 11, 1440–1453. [CrossRef]

210. Zauli, G.; Celeghini, C.; Melloni, E.; Voltan, R.; Ongari, M.; Tiribelli, M.; di Iasio, M.G.; Lanza, F.; Secchiero, P. The sorafenib plus
nutlin-3 combination promotes synergistic cytotoxicity in acute myeloid leukemic cells irrespectively of FLT3 and p53 status.
Haematologica 2012, 97, 1722–1730. [CrossRef]

211. Chen, Z.; Hu, K.; Feng, L.; Su, R.; Lai, N.; Yang, Z.; Kang, S. Senescent cells re-engineered to express soluble programmed death
receptor-1 for inhibiting programmed death receptor-1/programmed death ligand-1 as a vaccination approach against breast
cancer. Cancer Sci. 2018, 109, 1753–1763. [CrossRef]

http://doi.org/10.1038/78592
http://doi.org/10.1111/j.1474-9726.2011.00718.x
http://doi.org/10.1016/j.celrep.2012.08.023
http://doi.org/10.1371/journal.pone.0131722
http://www.ncbi.nlm.nih.gov/pubmed/26133370
http://doi.org/10.1038/s41467-019-12664-x
http://www.ncbi.nlm.nih.gov/pubmed/31624261
http://doi.org/10.1007/s11427-019-9588-7
http://www.ncbi.nlm.nih.gov/pubmed/31290100
http://doi.org/10.1177/2040620717731549
http://www.ncbi.nlm.nih.gov/pubmed/29093807
http://doi.org/10.1016/j.stem.2014.11.010
http://doi.org/10.3389/fonc.2020.612665
http://doi.org/10.1182/blood-2008-12-195644
http://doi.org/10.1021/jacs.7b04985
http://doi.org/10.1021/acs.analchem.0c05447
http://doi.org/10.1016/j.mad.2021.111618
http://doi.org/10.1186/s40425-019-0543-y
http://www.ncbi.nlm.nih.gov/pubmed/30885258
http://doi.org/10.1111/joim.13141
http://www.ncbi.nlm.nih.gov/pubmed/32686219
http://doi.org/10.1186/s13148-018-0563-3
http://www.ncbi.nlm.nih.gov/pubmed/30409182
http://doi.org/10.1016/j.phrs.2021.105934
http://www.ncbi.nlm.nih.gov/pubmed/34648968
http://doi.org/10.1016/j.ebiom.2018.09.015
http://doi.org/10.1080/10428194.2020.1845332
http://doi.org/10.1158/2159-8290.CD-20-1465
http://doi.org/10.3324/haematol.2012.062083
http://doi.org/10.1111/cas.13618


Int. J. Mol. Sci. 2022, 23, 7350 24 of 24

212. He, Y.; Khan, S.; Huo, Z.; Lv, D.; Zhang, X.; Liu, X.; Yuan, Y.; Hromas, R.; Xu, M.; Zheng, G.; et al. Proteolysis targeting chimeras
(PROTACs) are emerging therapeutics for hematologic malignancies. J. Hematol. Oncol. 2020, 13, 103. [CrossRef]

213. Zanetti, C.; Kumar, R.; Ender, J.; Godavarthy, P.S.; Hartmann, M.; Hey, J.; Breuer, K.; Weissenberger, E.S.; Minciacchi, V.R.;
Karantanou, C.; et al. The age of the bone marrow microenvironment influences B-cell acute lymphoblastic leukemia progression
via CXCR5-CXCL13. Blood 2021, 138, 1870–1884. [CrossRef] [PubMed]

http://doi.org/10.1186/s13045-020-00924-z
http://doi.org/10.1182/blood.2021011557
http://www.ncbi.nlm.nih.gov/pubmed/34424946

	Introduction 
	Two-Dimensional and Three-Dimensional In Vitro Models 
	Animal Models 
	Conclusions 
	References

