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ABSTRACT: The microenvironment of hematopoietic stem 
cells is responsible for coordinating several events involved 
with the production of blood cells. This hematopoietic renewal 
is only possible thanks to the well-ordered interactions and 
signals that maintain tissue harmony. In leukemias, the control 
mechanisms break down and the leukemic transformation of 
the microenvironment occurs, thus favoring the neoplastic 
maintenance of blood tissue. From this perspective, this study 
aimed to investigate the microenvironment transformation process 
within the scope of cellular and molecular changes that support 
tumor progression. It is a narrative review article in which the 
Pubmed, SciELO, Cochrane Library, and MedLine databases 
were consulted in search of recent publications that addressed the 
proposed subject. The data obtained contribute to a more holistic 
understanding of leukemias. The leukemic transformation, either 
by primary mutations in the microenvironment components or 
through the sequestration of its normal functions by leukemia-
initiating cells, is relevant for tumor establishment, progression, 
dissemination, and chemoresistance. Through the action of 
various components, this microenvironment supports leukemic 
stem cells and represents a promising path for developing new 
antileukemic therapies.

Keywords: Tumor microenvironment; Leukemia; Hematopoiesis; 
Stem Cells.

RESUMO: O microambiente das células-tronco hematopoiéticas 
é responsável por coordenar diversos eventos envolvidos na 
produção de células sanguíneas. Essa renovação hematopoiética 
só é possível graças às interações e sinalizações bem ordenadas 
que mantém a harmonia do tecido. Nas leucemias ocorre ruptura 
nesses mecanismos de controle e ocorre processo de transformação 
leucêmica do microambiente, de forma a favorecer a manutenção 
neoplásica do tecido sanguíneo. O objetivo deste estudo foi expor 
o processo de transformação leucêmica do microambiente, no 
âmbito das modificações celulares e moleculares sofridas para 
sustentar o tumor. Trata-se de um artigo de revisão narrativa e as 
bases de dados Pubmed, SciELO, Cocrahne Library e MedLine 
foram consultadas em busca de publicações dos últimos anos sobre 
o tema. Os dados apresentados contribuem para o entendimento 
holístico acerca das leucemias. A transformação leucêmica, seja 
por mutações primárias nos componentes do microambiente ou 
pelo sequestro de suas funções normais pelas células iniciadoras 
de leucemia, é relevante para que ocorra a instalação, a progressão, 
a disseminação e a quimiorresistência tumoral. Por meio da 
atuação de vários componentes este microambiente sustenta as 
células-tronco leucêmicas e representa caminho promissor para 
o desenvolvimento de novas terapias antileucêmicas.

Palavras-chave: Microambiente tumoral; Leucemia; 
Hematopoese; Células-tronco.



2

Guisande MTCR, et al. Leukemic transformation of the hematopoietic stem cell microenvironment

INTRODUCTION

Governed by the functional capacity of cells 
and tissues, finitude is an intrinsic aspect of 

living organisms. Potential variations of these organisms 
occur until their death, involving stimuli of growth and 
development as well as loss and destruction. The main 
architects of these modifications are called stem cells.

Hematopoietic stem cells (HSC) are particularly 
associated with the origin and maintenance of blood 
components. Hematopoiesis, the process that forms blood 
cells, occurs through the proliferation, differentiation, and 
self-renewal of HSC cells in the bone marrow. However, 
the idea of their role solely for blood production has 
been replaced by a more holistic understanding of cell 
cooperation2. Several cells are related to HSC and are 
essential for hematopoietic homeostasis. This interaction 
is highly complex due to the dynamicity and transience of 
the elements of the hematopoietic niche3.

Just as this model came to determine the physiology 
of the hematopoietic tissue, the possibility also emerged 
that it could be involved with disorders that affect blood 
cell production4. Several studies have highlighted the 
interactions between leukemic cells and their hematopoietic 
niche, corroborating the idea that changes and defects 
in the HSC microenvironment fatally result in blood 
disorders. It is, therefore, a two-way interaction mechanism: 
microenvironment-HSC6.

The presence of a microenvironment capable 
of sustaining cancer development and progression was 
suggested to act in the background of this dysfunction, later 
called tumor microenvironment, which could be the cause 
or effect of malignant diseases6,7. Once this transformation 
occurs, the microenvironment becomes unable to sustain 
typical HSC cells, thus compromising hematopoiesis. 
To a greater or lesser extent, each cell and mechanism 
involved in blood production is sequestrated for leukemic 
activities of progression, dissemination, and therapeutic 
chemoresistance8.

From this perspective, this study aimed to discuss 
the leukemic transformation process, from the structures 
and interactions that form the microenvironment of typical 
HSC cells to the modifications undergone by these cells in 
the tumor microenvironment.

METHODS

This is a narrative literature review. The searches 
were carried out in the Pubmed, Scielo, Cochrane Library, 
and MedLine databases. The descriptors used were “tumor 
microenvironment,” “stem cells,” “leukemogenesis,” and 
“hematopoietic niche”. The Boolean operator AND was 
used in each database.

Initially, 441 articles whose titles were compatible 
with the objectives of this study were selected. After briefly 
reading their abstracts, 292 articles were excluded for not 
addressing the subject of this study or because they had a 
similar and more recent equivalent. Of the remaining 149 
articles, 98 were excluded after full reading for showing 
no direct relationship with the objective of this review. As 
a result, a final sample of 51 articles was obtained. 

Original articles, systematic reviews, and narrative 
reviews published from 2015 to 2020 in the national 
and international literature were selected. Only the data 
published as full articles were included. Articles with 
more than five years of publication were only included 
in exceptional cases when attributed great relevance with 
regard to the subject proposed.

RESULTS

Leukemic transformation of the microenvironment

The leukemogenesis process can be thought of based 
on two dichotomic models: the hierarchical and stochastic 
models. The first was proposed in 1997 by Bonnet and 
Dick, who described a hierarchical organization for the 
emergence of acute myeloid leukemia (AML)9 (Figure 1). 

Figure 1. Hierarchical model depicting the leukemic transformation process. The phenotypically normal HSC cells, after escaping from 
physiological regulation functions in the microenvironment (shown on the left in the figure), can exert uncoordinated activities that direct 
them toward malignization, culminating in their transformation into LSC. HSC: Hematopoietic stem cells; LSC: Leukemic stem cells.
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The second (stochastic) model admits that every 
cell within the tumor is equally subject to becoming a 
leukemia-initiating cell, facilitating the progression of this 

condition. This deterministic process would be associated 
with chance10 (Figure 2).

Figure 2. Stochastic model depicting the leukemic transformation process. Any cell within the bone marrow microenvironment, shown 
on the left of the figure, is equally susceptible to occasional mutations. When significantly modifying one of these cells, these mutations 
can turn it into a phenotypically atypical cell. In response to that, the typical cells of the microenvironment attempt to prevent progression 
through antileukemic stimuli. In order not to be eliminated, the atypical cell then needs to survive by acquiring resistance to these stimuli 
through successive mutations, which culminate in their progression into a leukemic stem cell. LSC: leukemic stem cell

Phenotypic plasticity refers to the ability of tumor 
cells to range between differentiated and undifferentiated 
states, with no established subgroup of stem cells10. 
From this perspective, a hierarchical model would 
only make sense if that hierarchical state implied a 
transient arrangement of cells that could soon alter their 
differentiation states. Therefore, a stochastic model would 
refer to the dynamicity with which hierarchical models 
reorganize depending on the stimuli. In both cases, 
leukemic stem cells (LSC) and their progenitors would 
be controlled by the microenvironment. As a result, at a 
given moment, the LSC could no longer phenotypically 
correspond to the cells that originated cancer11.

Tumor heterogeneity also seems to be influenced 
by the diversity of genetic and epigenetic expression 

coordinated by the microenvironment. This heterogeneity 
apparently contributes to disease progression, impacts 
therapeutic efficacy, and interferes with patient survival. 
From this perspective, the heterogeneous remodeling that 
the microenvironment can exert on leukemic cells could 
be used as a parameter for the clinical course and serve as 
a prognostic predictor12,13.

Leukemic cells can change this microenvironment 
by creating a leukemic microenvironment that acquires a 
significant role in the malignant progression of stem cells 
(Figure 3). Typical HSC, for example, when removed 
from their leukemic niche and transplanted into a healthy 
recipient, can have their self-renovation potential restored, 
verifying the defining role of the microenvironment in 
these cases14.

F i g u r e  3 .  L e u k e m i c 
transformation model of the 
HSC microenvironment. The 
leukemic stem cells, through 
r egu l a to ry  s t imu l i ,  c an 
sequestrate microenvironment 
components and subject them 
to leukemic transformation, 
thus working in favor of 
tumoral progression. CAR: 
CXCL12-abundant reticular; 
EC: endothelial cells; HSC: 
hematopoietic stem cells; LSC: 
leukemic stem cells; MSC: 
mesenchymal stem cells; BM: 
bone marrow; OB: osteoblast; 
OC: osteoclast
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Cells

Leukemic stem cells
Leukemic stem cells are phenotypically different 

from both normal HSC and other LSC, depending on the 
patient in whom they are found. In their origin process, 
they derive from regular counterparts and/or leukemic 
progenitors that undergo phenotypic plasticity, acquiring 
the abilities of tumor stem cells. Among these, the 
characteristic intense proliferation and low differentiation 
stand out. Therefore, LSC represent the selective unit of a 
tumor, capable of preventing clonal exhaustion15.

LSC-intrinsic mutations can conduce these cells 
toward a hyperproliferative and potent state under invasion 
and metastasis conditions. Therefore, the niche that 
previously served to maintain the quiescence of stem cells 
is reconfigured to withstand the dominant proliferation of 
the malignant counterpart. For that purpose, the LSC cells 
sequestrate the homeostatic mechanisms that regulate the 
HSC, using this niche to maintain them and escape from 
the cytotoxic effects of therapeutic interventions16.

Mesenchymal stem cells (MSC)
MSC represent one of the cells of the niche that 

contribute to the leukemic microenvironment after LSC 
deregulation, especially through cell-to-cell contact, thus 
stimulating tumor progression with the promotion of the 
undifferentiated state. Furthermore, these cells can induce 
cancer proliferation and metastasis, favoring angiogenesis 
and immunosuppression. Several studies have reported that 
the interaction between MSC and malignant cells provides 
resistance to chemotherapeutic agents17,18. 

Osteolineage cells
Similar to the MSC, malignant cells can also 

reprogram osteoblasts so that these can compose a pro-
inflammatory niche that supports the LSC. One such 
change is observed in the capacity to generate maintenance 
and retention factors for typical HSC cells. This support 
provided by osteoblasts to maintain the HSC in the 
normal niche is then provided to the malignant cells of 
the leukemic niche. Therefore, osteoblasts represent 
a supportive microenvironment to quiescent LSC and 
provide chemoresistance to therapy through tyrosine kinase 
inhibitors19. Furthermore, studies have highlighted that 
genetic dysfunction in osteoprogenitor cells is capable of 
causing an acute malignant process, thus corroborating the 
observation that leukemia both transforms the niche and 
can result from its modification20.

	
Endothelial cells
Endothelial cells are important units for leukemia 

development. Their primary function is to regulate 
cell migration from the bone marrow to the blood. 

Furthermore, their adhesion molecules are relevant to 
stimulating progenitor HSC cells21. It has also been 
evidenced that endothelial cells with the same genetic 
anomalies as malignant cells are present in increased 
numbers in leukemia patients, consequently increasing 
the microvasculature that supports the leukemic niche, 
coordinated by the greater nutrient and oxygen demand22.

Cancer-associated fibroblasts
Fibroblasts can also be transformed through LSC 

induction, thus becoming associated with cancer. Compared 
with normal states, these cells show increased proliferation 
rates, higher extracellular matrix production, and release 
of cytokines such as CXCL-12, VEGF, and PDGF23. 
Furthermore, cancer-associated fibroblasts stimulate the 
continuity of LSC through pathways such as WNT and 
Notch. Cancer-associated fibroblasts also increase the 
expression of LSC markers through the remodeling of the 
extracellular matrix by MMP2, 3, and 924.

Cells of the sympathetic nervous system
The role of the sympathetic nervous system was 

suggested after observing that leukemogenesis can be 
promoted through B2- adrenergic receptors in stromal 
cells of the niche, with damage to the sympathetic nervous 
system and infiltration of leukemic cells into the bone 
marrow. However, when not sequestrated by malignant 
cells, the sympathetic nervous system tends to protect the 
healthy microenvironment, responsible for the activation 
and rapid mobilization of HSC25.

Leukemic cells seek to annul the action of the 
sympathetic nervous system so that this process can 
generate a loss of MSC and Schwann cells with the 
acceleration of the neoplastic process through the release 
of IL-1beta, responsible for generating neural damage25. 

Tissue status

Tissue hypoxia
The proportionally low vascularization within 

tumors can result in hypoxia, regulating a series of genes 
for stem cell development. LSC cells are better adapted than 
HSC to the hypoxic microenvironment. LSC location in the 
hypoxic niches can also minimize exposure to anti-tumoral 
therapies. Therefore, leukemic progression has been 
associated with the expansion of tissue hypoxia markers7.

The most expressive marker is Hif-1α, involved in the 
upregulation of the receptor CXCR-4 in leukemic blasts and 
its ligand CXCL-12 in the endothelial cells of the hypoxic 
niche, facilitating the recruitment and retention of leukemic 
progenitor cells in the microenvironment. Furthermore, 
Hif-1α is related to the increase in angiogenesis for the 
reestablishment of an appropriate blood supply26.
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Immunomodulation
Immunosurveillance is one of the stages that 

leukemic cells need to overcome for tumoral progression. 
Leukemic blasts can induce the differentiation of monocytes 
into an M2-like type capable of suppressing the immune 
response27. This change is part of the process through which 
cancer cells release cytokines and chemokines capable 
of recruiting defense cells associated with the tumor, 
promoting the immunosuppression of cells associated with 
the protection of the host28.

Cancer cells express the inflammatory profile of 
the tumoral environment capable of sustaining tumor 
proliferation and metastasis. Some inflammatory cytokines 
that participate in this regulation contribute to chronic 
inflammation, changing the functions of hematopoietic 
cells, dendritic cells, NK cells, and T cells. Furthermore, 
cytokines also modulate other aspects of the tumoral 
environment, promoting cancer degradation. For example, 
prostaglandin E2 acts in inflammation and can promote 
immune dysfunction and escape from immunosurveillance, 
whereas the cytokines IL-1beta, GM-CSF, IL-3, and 
TNF-alfa can increase the growth rates of leukemic cells 
in LMA29.

Likewise, other tumoral cells that do not express the 
stem cell phenotype can secrete pro-leukemic cytokines, 
e.g., the IL-6 and IL-18 secreted by MSC, which can be 

involved in carcinogenesis24.

Genetic modulation
Genetic modulation for leukemic transformation in 

the microenvironment is possible through lipid vesicles or 
microparticles called exosomes, secreted by cancer cells, 
mesenchymal stromal cells, macrophages, dendritic cells, 
B and T lymphocytes, mastocytes, and endothelial cells30.

These exosomes are associated with the bidirectional 
transfer of mRNAs, microRNAs, and other proteins 
between malignant and adjacent cells, inducing genetic 
expression changes in the occupied niche. Furthermore, 
the serum content of exosomes associated with microRNA 
can be used as an AML-sensitive indicator through several 
disease biomarkers. As a result, the secretion of growth 
factors and the reprogramming of niche cells can be 
altered31,32. 

Adhesion molecules

Adhesion molecules are responsible for the 
cell-to-cell contact in the microenvironment. They are 
involved in the regulation of several cell processes, e.g., 
the morphogenesis of cell development, differentiation, 
inflammatory responses, angiogenesis, wound healing, 
tumor progression, and metastasis33,34 (Figure 4). 

Figure 4. Model representing the main adhesion molecules in the leukemic microenvironment. Through various adhesion molecules, 
malignant cells can Interact with other cells and structures important for leukemic progression activities. EC: endothelial cells; MSC: 
mesenchymal stromal cells

Integrins play an important role in the fixation of 
leukemic cells in the microenvironment since the binding 
they promote can activate pro-survival signs. It is the 
case, for example, of the kinases associated with integrins, 

which can interact with beta integrins and activate the AKT 
pathway to promote the survival of leukemic cells34,35.

N-cadherin is one such adhesion molecule involved 
with the tumoral microenvironment, playing a crucial role 
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in the self-renewal process of LSC cells36. CD44, in turn, 
is an important molecule in the regulation of homing, 
engraftment, and maintenance of the primitive states of 
LSC cells. Increased CD44 levels are also associated with 
AML37,38. Increased CD44 expression was also observed in 
the models of mice with chronic myeloid leukemia (CML), 
probably through the transcriptional regulator SCL/TAL139. 

In healthy neutrophils, CD44 is not the main ligand 
with E-selectin. However, this profile changes in blast 
cells of acute leukemia, with greater interaction between 
CD44 and E-selectin, resulting in increased diversity in the 
expression and activity of adhesion molecules and affecting 
blast migration to the bone marrow and extramedullary 
tissues38,40.

The adhesion molecule E-selectin is a relevant 
component in the vascular niche of HSC cells and is 
considered overexpressed in the endothelial sinuses of the 
AML microenvironment. It has also been shown that AML 
blasts release pro-inflammatory factors that increase the 
expression of E-selectin in the bone marrow endothelium, 
forming an endothelial protective niche for survival. In 
CML, one of its roles in the niche seems to be in the 
engraftment of leukemia-initiating cells. In both forms of 
leukemia, this molecule is relevant for the migration and 
repopulation of the bone marrow vascular niche38,41,42.

The adhesion of leukemic blasts that express 
E-selectin in the vascular niche contributes to the survival 
of leukemic cells through favorable signs, e.g., Wnt 
activation43. In that regard, another study with mice 
observed that leukemic blasts, though the AKT/NF-κB 
signaling pathways, favored the expression of receptors in 
cells with a high binding potential to E-selectin and greater 
survival advantage to chemotherapy and disease relapse42.

Similar to hyaluronic acid, fibronectin belongs to 
the extracellular matrix of the microenvironment and is 
produced by various cells. When present at metastasis sites, 
these cells increase fibronectin deposition, agglomerating 
hematopoietic cells in the new niche. In association, 
fibronectin-coated cells in the AML microenvironment 
are more resistant to apoptosis and show an increased 
survival rate26. 

Signaling molecules

Indoleamine 2,3-dioxygenase (IDO)
IDO is an enzyme involved in the metabolism 

of the amino acid tryptophan and is upregulated under 
inflammation conditions, e.g., leukemias. IDO seems to 
contribute to the differentiation of T cells responsible for 
the immunosuppression of defense cells. In addition, this 
enzyme is involved with the modification of the tumoral 
microenvironment through immunosurveillance escape 
mechanisms44. 

CXCL-12

CXCL-12 is important for various leukemic 
processes and is associated with HSC displacement in 
the normal microenvironment. Leukemic cells typically 
express CXCR-4, the binding receptor to the chemokine 
CXCL-12. Their interaction has shown to be especially 
relevant for the homing and lodgment of malignant cells 
in the niche and the activation of pro-survival signaling 
pathways45. 

The interaction between LSC and microenvironment 
via CXCL-12/CXCR-4 allows molecular exchange with the 
promotion of chemoresistance, resulting in patient relapse 
after chemotherapy26. 

Stem cell factor (SCF)
In the tumor microenvironment, the SCF is involved 

with stem cell migration to the detriment of CXCL-12. 
Leukemic progression implies increased stimuli for SCF 
production, and the homing of malignant cells occurs 
almost exclusively through SCF. The self-renewal, 
proliferation, and differentiation of typical HSC cells are 
compromised when subjected to SCF regulation by the 
tumor microenvironment. Also, the unregulated secretion 
of SCF inhibits the apoptosis of leukemic cells and allows 
their development through paracrine stimuli26.

Vascular endothelial growth factor (VEGF)
Released by leukemic cells, the VEGF stimulates 

leukemic proliferation and endothelial cells through the 
stimuli to mitotic responses as well as survival, migration, 
and self-renewal responses. Moreover, this factor also 
inhibits apoptosis46.

Highly metastatic tumors have a large number of 
VEGF receptors, probably due to the association between 
neo-angiogenesis and the metastatic potential of cancer47. 
VEGF receptors are also present in macrophages and 
endothelial cells of the target tissues of metastasis, inducing 
an increased expression of matrix metalloproteinases that 
contribute to forming the metastatic niche48.

The VEGF seems to act by coordinating vascular 
permeability and stimulating the dilatation of lymphatic 
vessels through the synthesis of prostaglandins, benefiting 
the locomotion of tumor cells through the lymphatic 
network48.

Stimuli for VEGF production are increased under 
hypoxic conditions. The stromal cells present in the 
tumor microenvironment form pre-angiogenic factors that 
stimulate the multiplication and migration of endothelial 
cells, resulting in the formation of new blood vessels 
responsible for increasing the oxygen supply and the 
nutrition of tumor cells48,49. Furthermore, increased plasma 
levels of VEGF and its receptor are correlated with a worse 
prognosis47,49.

Hepatocyte growth factor (HGF)
The HGF belongs to the family of growth factors, 
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and there is evidence that its presence in the niche can 
regulate leukemia development. Released by activated 
human basophils, it is considered a pro-angiogenic factor, 
and its expression is related to increased blast growth 
and cell migration in the AML microenvironment. CML 
patients show increased HGF expression, probably because 
of basophilia, frequent during the accelerated phase of the 
disease. This fact is probably due to the loss or reduction 
of the transcription factor IKAROS in the leukemic blasts 
of the bone marrow50.

A recent study with chronic lymphocytic leukemia 
(CLL) patients has shown that peculiar cell types from 
the bone marrow stroma, components of the tumor 
microenvironment, produce high HGF levels concomitantly 
to the increased expression of its transmembrane receptor, 
c-MET. The HGF/c-MET interaction contributes to 
the expansion of the leukemic clone and favors the 
pathogenesis of CLL51.

DISCUSSION

The data shown in this review contribute to the 
holistic understanding of leukemias. Previously thought 
only through the optics of malignant stem cells, these 
neoplasias can be seen from a more complex organization 
perspective. The importance of the HSC microenvironment 
for this leukemic structuration is presented in a two-way 
manner: a modified microenvironment facilitates the 
appearance of neoplasias just as these progress from 
changes caused by them in the microenvironment. This 
process is called leukemic transformation19,26, in which 
cells, adhesion molecules, factors, and signaling pathways 
have their functions sequestered in the service of malignant 
cells6. 

The healthy microenvironment tends to exert 
physiological regulations aiming to achieve hematopoiesis 
and hamper the development and progression of 
leukemia, corroborating the fact that only the changed 
microenvironment is permissive to cancer. Therefore, 
the mechanism used by malignant cells to compete with 
HSC consists of changing the regulatory expression 
of this niche10,12. It is inferred that the sequestration of 

the microenvironment only corrupts the intensity and 
destination of cell stimuli since the nature of the support 
is similar in both healthy and tumoral niches. The altered 
osteoblastic niche, for example, continues to promote 
LSC quiescence, which explains its participation in tumor 
chemoresistance16. Just as in normal hematopoiesis, 
endothelial cells are also used by leukemic cells to 
facilitate proliferation and dissemination to other tissues 
and organs21,22.

The tissue status is also relevant for the leukemic 
microenvironment since hypoxia concomitantly represents 
a consequence of tumor growth and promotes adaptations 
in malignant cells to promote tumor resistance7,26. 
Furthermore, immunomodulation is important for cancer 
initiation and progression since it involves the leukemic 
transformation of immune cells, modifying their expression 
profile, and the activation of cytokines with a pro-leukemic 
profile29. 

Adhesion molecules allow the communication 
of malignant cells with the niche. This communication, 
in addition to being associated with the activation 
of various pro-leukemic signaling pathways, is also 
crucial for malignant cells to homing and lodgment 
to the microenvironment in order to allow malignant 
engraftment38,41. Regarding this communication, signaling 
molecules represent the main intercellular messengers, 
most of which promote several maintenance stimuli for 
leukemic cells. Furthermore, they are intimately involved 
with chemoresistance to therapy, neoangiogenesis, and the 
formation of the metastatic niche44-49.

CONCLUSION

Leukemic transformation, either through primary 
mutations in the microenvironment components or the 
sequestration of its typical functions by leukemia-initiating 
cells, is relevant for tumor establishment, progression, 
dissemination, and chemoresistance. In addition, through 
the role of several components, this microenvironment 
sustains leukemic stem cells and represents a promising 
way to develop new anti-leukemic therapies.
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