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Endocytosis entails selective packaging of cell surface cargos in cytoplasmic vesicles, thereby controlling
key intrinsic cellular processes as well as the response of normal and malignant cells to their microenviron-
ment. The purpose of this review is to outline the latest advances in the development of endocytosis-target-
ing therapeutic strategies in hematological malignancies. © 2021 ISEH – Society for Hematology and Stem
Cells. Published by Elsevier Inc. All rights reserved.
HIGHLIGHTS

� Niche signals support leukemia development, while driving pro-
gression and relapse.

� Endocytosis controls cellular processes that are essential in
leukemia.

� Targeting endocytosis represents a novel therapeutic strategy for
acute leukemia.

RECENT FINDINGS

Signals from the microenvironment play a key role in the devel-
opment and survival of leukemic cells. Furthermore, these signals
protect leukemic cells from chemotherapy, suggesting that inhibi-
tion of these signals has therapeutic potential. Given the essential
role of endocytosis in regulating cellular responses to stimuli from
the microenvironment, endocytosis-targeting small molecules
could impair multiple key cellular processes driving therapeutic
resistance. Despite the development of several inhibitors to study
endocytic routes, their use as anticancer drugs remains very lim-
ited, with a single preclinical study demonstrating the antileuke-
mic activity of endocytosis inhibitors in several models of acute
leukemia [1].
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UNMET CLINICAL NEEDS IN ACUTE LEUKEMIA

Although uncommon, acute leukemia (both myeloid and lymphoid)
comes with significant morbidity and mortality. In children, acute lym-
phoblastic leukemia (ALL) is the most common cancer and is curable
in most, but requires prolonged chemotherapy that is associated with
long-term morbidities [2,3]. In adults, in whom acute myeloid leuke-
mia (AML) is more common with aging, chemotherapy provides
cure rates lower than 20% in those >65 years of age [4]. Some
inroads have been made over the last 5 years, with the introduction
of targeted therapies including FMS-like tyrosine kinase 3 (FLT3)
inhibitors and venetoclax for AML [5−7] and immunotherapies such
as the bispecific T-cell engager blinatumomab for B-cell ALL [8].

Despite these advances, it is unlikely these therapies will have large
impacts on cure rates because they either fail to target or do not
completely eliminate leukemia-regenerating cells (LRCs), which are
responsible for relapse [9−12].
IMPORTANCE OF LRCS FOR THERAPY RESISTANCE

Acute leukemias arise from either hematopoietic stem cells (HSCs) or
downstream progenitors following the acquisition of an initial “found-
ing” mutation [10]. These leukemia-initiating cells carry some but not
all the mutations required to generate leukemia, and are thus termed
preleukemic stem cells (pre-LSCs) [13]. With acquisition of additional
0301-472X/© 2021 ISEH – Society for Hematology and Stem Cells. Published by
Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.exphem.2021.09.003

1

mailto:cedric.tremblay@monash.edu
https://dx.doi.org/10.1016/j.exphem.2021.09.003


ARTICLE IN PRESS
2 C.S. Tremblay et al Experimental Hematology

&& 2021
collaborative mutations, pre-LSCs evolve into LSCs, which are func-
tionally defined as cells capable of generating overt leukemia when
transplanted into immunocompromised animals [12,14]. Genomic
studies of matched samples from diagnosis and relapse in acute leuke-
mia suggest that relapse arises from clonal evolution of either pre-
LSCs or LSCs present in the diagnostic sample [10]. The term leuke-
mia-regenerating cells encompasses all relapse-inducing cells, including
both pre-LSCs and LSCs, recognizing that they are often derived
from progenitors rather than HSCs.

An inherent ability to resist eradication by high-dose therapy may
reflect the LRC stem cell-like properties, which are exhibited by both
normal and malignant stem cells. Potential stem cell-like properties
that protect normal HSCs from genotoxic stress include increased
expression of ABC drug transporters, enhanced DNA repair, reduced
metabolic activity and reduced cell cycle (quiescence) [15]. A recent
study using single-cell RNA sequencing analysis of human B-cell ALL
(B-ALL) revealed that quiescence and stemness were essential prop-
erties of chemoresistant relapse-inducing cells [16]. Both AML and B-
ALL enriched for gene stemness signature have worse outcomes
[17,18], confirming the clinical importance of LRCs. Using a genetic
model that enables tracking of cell cycle kinetics in stem cells, we
have experimentally determined that quiescence is also crucial for
sustaining stem cell-like properties and promoting chemoresistance of
LRCs in Lmo2-driven T-cell ALL (T-ALL) [19]. Quiescence of both
HSCs and LRCs has been reported to be integrally linked to special-
ized local tissue microenvironments (niches) in the bone marrow
[16,20−22]. Although HSCs remain in close proximity to bone mar-
row (BM) endothelial cells in perivascular niches [20,21], quiescent
and chemoresistant LRCs have been found to preferentially localize
to the BM endosteal region in close proximity with osteoblasts
[16,23], suggesting key differences between the specific microenvir-
onments nurturing normal and malignant stem cells. However, the
experimental models used for assessing the microenvironment of
malignant cells were suboptimal because the immunophenotype of
LRCs is ill-defined and functional studies that define LRCs use xeno-
grafts where the supportive cell niche is not physiological.
PROTECTIVE NICHE: A KEY PLAYER IN THERAPY
RESISTANCE

Although the functional capabilities of malignant and normal stem
cells are conceptually similar [15,24], LRCs appear more reliant on
their microenvironment than their normal somatic counterparts. For
example, malignant stem cells are more difficult to maintain in in vitro
cultures, often requiring maintenance through serial passage in ani-
mals [15]. Specific niche factors including nutrients, cytokines, adhe-
sion molecules, chemokines and cellular interactions have been
reported for the survival and chemoresistance of ALL and AML
(Table 1).

Several mechanisms leading to chemoresistance of ALL mediated
by extrinsic protective cures transmitted by the microenvironment
have been described, with the functional and metabolomic abnor-
malities of bone marrow niche cells most extensively characterized in
patients with B-ALL [25,26]. Most knowledge on the protective role
of bone marrow cells in the biological context of B-ALL has emerged
from investigating how mesenchymal, endothelial, or osteoblastic
cells support normal HSC self-renewal, differentiation, or resistance
to genotoxic stress. For example, the discovery of endosteal niches as
a preferential site of residence for HSCs [27,28] led to the subse-
quent characterization of B-ALL endosteal protective niches where
blasts are anchored to osteoblastic and malignant cells through inter-
action with osteopontin, which also promotes LRC chemoresistance
in B-ALL [29]. Further investigation on the localization of malignant
cells within the medullar microenvironment have highlighted the
diverse cellular niches that control B-ALL progression and response
to chemotherapy through secretion of growth factors and direct cell
−cell interactions [25]. In B-ALL, protective cell niches are dynamic,
because malignant cells actively shape their own supportive microen-
vironment under the pressure of chemotherapeutic treatments
[25,26]. A similar phenomenon has been described in different sub-
types of ALL [30], although knowledge of the protective niches in T-
ALL remains relatively limited [31,32]. Although the niches of LRCs
during the early stages of T-ALL development are currently
unknown, recent studies on the BM microenvironment at overt leu-
kemia have revealed that T-ALL expands in various BM niches that
play a key role in promoting chemoresistance [33,34]. Although sev-
eral growth factors produced by stromal cells within the BM niche,
such as interleukin-7 (IL-7) [35−37], have been associated with pro-
gression and therapeutic resistance in ALL, many other components
of the leukemic microenvironment (e.g., adhesion molecules, chemo-
kines, and cellular interactions) are likely to be important.

One of the most widely studied factors of LRC niches in the
bone marrow is CXC-motif ligand 12 (CXCL12), a chemokine
expressed by endothelial and mesenchymal stromal cells that binds
to the heterodimeric G protein-coupled transmembrane CXC-motif
receptor 4 (CXCR4) and plays a key role in the tropism of various
normal and malignant cell types [38]. Binding of CXCL12 to
CXCR4 triggers G-protein-dependent and -independent down-
stream signaling cascades, inducing MAPK, AKT, and ERK pathway
activation, which ultimately regulate chemotaxis and homing, as well
as cell survival and proliferation [39,40]. The prognostic impact of
the CXCL12/CXCR4 signaling pathway has been extensively
described in acute leukemia, with high CXCR4 expression in malig-
nant cells associated with decreased overall and relapse-free survival
[41,42]. CXCL12 expression is essential for normal lymphoid devel-
opment [38], but dispensable for development of leukemia [43].
Inflammatory effects of CXCR4-expressing ALL cells lead to loss of
CXCL12 expression [44], which leads to an imbalance in the
CXCL12/CXCR4 axis that favors tumor progression by enabling
malignant cells to dominate over normal cells. First reported to play
a key role in the dynamic interaction of LRCs with the BM niche in
the biological context of ALL [45−48], CXCR4 has also been
reported to promote chemoresistance of relapse-inducing cells in
several blood cancers, including AML [43,49,50]. AML blasts also
trigger dynamic changes within the BM microenvironment that pro-
mote progression and chemoresistance through upregulation of cell-
extrinsic factors that protect and support LRCs [51,52]. AML cells
remodel the vascular niche by releasing inflammatory cytokines that
stimulate expression of the endothelial cell adhesion molecule E-
selectin, which in turn promotes chemoresistance [53]. Together,
these findings support the notion of niche-mediated chemoresist-
ance in acute leukemia, with malignant cells not only altering the
immune landscape in the BM [51], but also mesenchymal cells [54]
and endothelial cells [55], which are key components of both HSC
and LSC niches [56].



Table 1 Cellular and acellular components of the microenvironment in acute leukemia

Leukemia Interacting cells
Cytokine, chemokine,
and soluble factors Role Reference

B-ALL Adipocytes FAT/CD36 Promote fatty acid oxidation
and leukemic cell survival

Ehsanipour EA, et al. Cancer Res.
2013;73:2998−3006

Endothelial cells CD31 Adhesion and resistance of
leukemic cells

Ahsberg J, et al. Haematological.
2020;96:e102−e106

CX3CL1 Dander E, et al. Br J haematol.
2021;193:1157−1171

Fibroblasts GDF15 Chemoprotection of B-ALL
cells and marrow adipocyte
remodeling

Duan C-W, et al. Cancer Cell.
2014;25:778−793

IL-8 Proliferation and survival of
leukemic cells

Polak R, et al. Blood.
2015;126:2404−2414

Granulocyte−myeloid-
derived suppressor
cells

CX3CR1 Promotes chemoresistance Dander E, et al. Br J haematol.
2021;193:1157−1171

CXCR4 Promotes chemoresistance Crazzolara R, et al. Br J Haematol.
2001;115:545−553

Mesenchymal stem cells
and CXCL12-
abundantreticular cells

Activin A (ACTA) Portale F, et al. Exp Hematol.
2019;73:7−12.e4

BMP4 Promotes disease progression
and modulation of
antileukemic
immunosurveillance

Lopez V, et al.PLoS One. 9:e84496

CCL2 Chemotaxis and proliferation of
leukemic cells

de Vasconcellos JF, et al. Pediatr
Blood Cancer. 2011;56:568−577

Ma Z, et al. Cell Rep.
2019;26:1533−1543.e4

Dander E, et al. Br J Haematol.
2021;193:1157−1171

CCL3 Chemoresistance of B-ALL
cells

Duan CW, et al. Cancer Cell.
2014;25:778−793

CCL22 Chemotaxis and proliferation of
leukemic cells

de Rooji B, et al. Haematologica.
2017;102:e389−e393

CXCL1 CXCR2-dependent attraction
of B-ALL cells

Dander E, et al. Br J haematol.
2021;193:1157−1171

CXCL8 CXCR2-dependent attraction
of B-ALL cells

Ma C, et al. Sci. Adv. 2020;6 doi:
10.1126/sciadv.aba5536

CXCL10 Chemotaxis and proliferation of
leukemic cells

Polak R, et al. Blood.
2015;126:2404−2414

CXCL12 Survival, migration, and
adhesion of leukemic cells

de Rooji B, et al. Haematologica.
2017;102:e389−e393

van der Berk LC, et al. Br J
Haematol. 2014;166:240−249

Galectin-3 Positive feedback loop that
promotes chemoresistance

Fei F, et al. Oncotarget.
2015;6:11378−11394

IL-2 Polak R, et al. Blood.
2015;126:2404−2414

MPP-9 Remodeling of the extracellular
matrix

Verma D, et al. Leukemia.
2020;34:1540−1552
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Table 1 (Continued)

Leukemia Interacting cells
Cytokine, chemokine,
and soluble factors Role Reference

N-cadherin Promotes chemoresistance Nygren MK, et al. Exp Hematol.
2009;37:225−233

Notch3/Notch4 Promotes chemoresistance Nwabo Kamdje AH, et al. Blood.
2011;118:380−389

VCAM1 Facilitates adhesion and
promotes chemoresistance
of B-ALL cells

Jacamo R,et al. Blood.
2014;123:2691−2702

Osteoclasts and
osteoblasts

RANK Bone remodeling by promoting
osteoclast development and
survival, leukemia-induced
destruction

Cheung LC, et al. Leukemia.
2018;32:2326−2338

Osteopontin (OPN) Adhesion and quiescence of B-
ALL cells

Boyerinas B, et al. Blood.
2013;121:4821−4831

T cells TGFb Modulation of angiogenesis in
B-ALL niche

Li X, et al. Leuk Res. 2018;67:60
−66.

Stromal cells (multiple
origin)

I Proinflammation cytokine Balandr�an JC, et al. Front
Immunol. 2016;7:666

IL-1b Mediation of both innate and
adaptive immune responses

Beneforti L, et al. Br J Haematol.
2020;190:262−273.

IL-6 Proliferation, survival,
differentiation, and migration

Ma C, et al. Sci Adv. 2020;6. doi:
10.1126/sciadv.aba5536

IFN a/b Antileukemic function Balandr�an JC, et al. Front
Immunol. 2016;7:666

IFN g Proinflammatory cytokine Polak R, et al. Blood.
2015;126:2404−2414

TGFb Ford AM, et al. J Clin Invest.
2009;119:826−836

TNFa Inflammatory response,
antileukemic factor

Beneforti L, et al. Br J Haematol.
2020;190:262−273.

T-ALL Adipocytes FAT/CD36 Promote fatty acid oxidation
and leukemic cell survival

Tucci J, et al. Front Oncol.
2021;11:665763

Endothelial cells CXCL12 Survival, migration, adhesion
of T-ALL cells

Passaro D, et al. Cancer Cell.
2015;27:769−779

Pitt LA, et al. Cancer Cell.
2015;27:755−768

DLL1/DLL4 Adhesion, proliferation and
survival of leukemic cells

Indraccolo S, et al. Cancer Res.
2009;69:1314−1323

E selectin Adhesion of T-ALL cells to
endothelium

Winter SS, et al. Br J Haematol.
2001;115:862−871

Mesenchymal stem cells
and CXCL12-abundant
reticular cells

Notch1 Promotes proliferation and
chemoresistance

Ma W, et al. PLoS One. 2012;7:
e39725

CXCL12 Survival, migration, and
adhesion of leukemic cells

Medo Rde C, et al. PLoS One.
2014;9:e85926

Galectin-3 Positive feedback loop that
promotes chemoresistance

Fei F, et al. Oncotarget.
2015;6:11378−11394

ICAM-1 Adhesion and survival of T-ALL
cells

Winter SS, et al. Br J Haematol.
2001;115:862−871
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Table 1 (Continued)

Leukemia Interacting cells
Cytokine, chemokine,
and soluble factors Role Reference

JAG1 Promotes proliferation and
chemoresistance

Yuan Y, et al. Oncol Lett.
2013;6:1000−1006

VCAM1 Facilitates adhesion and
promotes chemoresistance
of T-ALL cells

Winter SS, et al. Br J Haematol.
2001;115:862−871

Osteoclasts and
osteoblasts

DLL4 Promoting proliferation,
survival, and
chemoresistance

Cheung LC, et al. Leukemia.
2018;32:2326−2338

JAG1 Adhesion and suppression of
osteoblast function

Wang W, et al. Cancer Res.
2016;76:2847

Stromal cells (multiple
origin)

IL-7 Proliferation, survival, and
chemoresistance of T-ALL
cells

Silva A, et al. Cancer Res.
2011;71:4780−4789

Scupoli MT, et al. Haematologica.
2027;92:264−266

IL-8 Proliferation and survival of
leukemic cells

Scupoli MT, et al. Haematologica.
2018;93:524−532

IL-18 Proliferation, survival,
differentiation, and migration

Uzan B, et al. EMBOMel Med.
2014;6:821−834

IGF1 Proliferation, survival, and stem
cell properties

Medyouf H, et al. J Exp Med.
2011;208:1809−1822

CCL19 (MIP-3b) Promotes migration and
survival of T-ALL cells

Ma S, et al. J Hematol Oncol.
2014;7:71

Buonamici S, et al. Nature.
2009;459:U1000−U1129

CCL25 Promotes migration and
chemoresistance of T-ALL
cells

Zhou B, et al. Leuk Res.
2010;34:769−776

Deng X, et al. Oncotarget.
2017;8:39033−39047

AML Adipocytes FAT/CD36 Promote fatty acid oxidation
and leukemic cell survival

Ye H, et al. Cell Stem Cell.
2016;19:23−37

Endothelial cells CD31 Adhesion and resistance of
AML cells

Gallay N, et al. Cancer Res.
2007;67:8624−8632

E selectin Adhesion of leukemic cells to
endothelium, through
interaction with CD44

Cavenagh JD, et al. Br J Haematol.
1993;85:285−291

Barbier V et al. Nat Commun.
2020;11:2042

P Selectin Adhesion of leukemic cells to
endothelium

Cavenagh JD, et al. Br J Haematol.
1993;85:285−291

VCAM1 Facilitates adhesion of AML
cells

Cavenagh JD, et al. Br J Haematol.
1993;85:285−291

Fibronectin Adhesion of AML cells to
stromal extracellular matrix

Matsunaga T, et al. Nat Med.
2003;9:1158−1165

GM-CSF Secretion regulated by VEGF,
mitogen for AML cells

Fiedler W, et al. Blood.
1997;89:1870−1875

Fibroblasts GDF15 Chemoprotection of AML cells Zhai Y, et al. J Exp Clin Cancer
Res. 2016;35:147
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Table 1 (Continued)

Leukemia Interacting cells
Cytokine, chemokine,
and soluble factors Role Reference

IL-8 Proliferation and survival of
leukemic cells

Ryningen A, et al. Leuk Res.
2005;29:185−196

MSCs and CAR cells CCL2 Chemotaxis and proliferation of
AML cells

Macanas-Pirard P, et al. PLoS
One. 2017;12:e0168888

CXCL8 Survival and proliferation of
AML cells

Cheng J, et al. FASEBJ.
2019;33:4755−4764

CXCL12 Survival, migration, and
adhesion of AML cells
promoting disease
progression

Zeng Z, et al. Blood.
2009;113:6215−6224

M€ohle R, et al.Blood.
1998;91:4523−4530

Kondo M, et al. Annu Rev
Immunol. 2003;21:759−806

VCAM1 Adhesion of AML cells through
interaction with VLA-4

Jacamo R,et al. Blood.
2014;123:2691−2702

Osteoclasts and
osteoblasts

RANK Bone remodeling by promoting
osteoclast development and
survival, impairment of NK
antileukemic activity

Schmiedel BJ, et al.
Oncoimmunology. 2013;2:
e23850

CXCR4 Chemokine receptor, adhesion
of AML cells

Roodman GD. Leukemia.
2009;23:435−441

Osteopontin (OPN) Adhesion of leukemic cells
through interaction with
CD44

Liersch R, et al. Blood.
2012;119:5215−5220

Sympathetic neural cells TGR-b Promotes maintenance and
repopulation activity

Yamazaki S, et al. Cell.
2011;147:1146−1158

Hanoun M, et al. Cell Stem Cell.
2014;15:365−375

T cells PD-1 Antitumor immune response Zhang L, et al. Blood.
2009;114:1545−1552

TIM-3 T-Cell exhaustion Zhou Q, et al. Blood.
2011;117:4501−4510

Stromal cells (multiple
origin)

IL-1b Mediation of both innate and
adaptive immune responses

Yang J, et al. Int J Cancer.
2013;133:1967−1981

IL-6 Proliferation, survival,
differentiation, and migration

Burger R. Transfus Med
Hemother. 2013;40:336−343

ICAM-1 Proliferation, survival, and stem
cell properties

Liu YF, et al. Stem Cell Reports.
2018;11:258−273

IFN a/b Antileukemic function Hemmati S, et al. Front Oncol.
2017;7:265.

IFN g Proinflammatory cytokine Hemmati S, et al. Front Oncol.
2017;7:265.

TNFa Inflammatory response,
antileukemic factor

Zhou X, et al. Exp Hematol.
2017;45:17−26

IFN=Interferon; IL=interleukin; TNF=tumor necrosis factor.
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TARGETING THE LRC MICROENVIRONMENT

Given the importance of the cell niche in acute leukemia, targeting
the niche signals that support LRCs is an attractive treatment strategy
in acute leukemia although it remains unclear which factor or factors
would be the optimal therapeutic target (Table 2). Moreover, therapy
exposure has been reported to alter the microenvironment in differ-
ent hematopoietic organs [57−59], thereby adding to the complexity
of targeting particular niche signals in acute leukemia.

One of the most studied is the CXCL12/CXCR4 axis, where dis-
ruption with the CXCR4 antagonist Plerixafor promoted cell cycle
and mobilization and inhibited pro-survival factors in LRCs [60−62].
Initially developed as an HIV blocking agent, Plerixafor is now
approved for mobilization of autologous stem cell transplantation
(HSCT) in patients with blood cancers when administered alone or
in combination with granulocyte colony-stimulating factor (G-CSF)
[63,64]. Other CXCR4 inhibitors including monoclonal antibodies
have been found to impair the beneficial interaction between malig-
nant cells and their protective niche, resulting in delayed leukemia
progression as well as increased sensitivity of relapse-inducing cells to
chemotherapy [45−47,61]. Early clinical trials of these inhibitors with
chemotherapy reveal tolerability but efficacy remains unknown.

E-Selectin is another attractive therapeutic target in acute leukemia,
because this adhesion molecule plays a key role in malignant cell sur-
vival, adhesion and tropism within their microenvironment (Table 1).
E-Selective small molecule inhibitors have been reported to success-
fully mobilize normal HSCs with the highest self-renewal, leading to
significantly improved engraftment and reconstitution [65,66].
Administration of the E-selectin antagonist uproleselan (GMI-1271)
promoted mobilization of AML blasts by blocking adhesion to endo-
thelial cells within the BM niche, with consequent impaired malignant
cell regeneration and improved efficacy of chemotherapy, as combi-
nation therapy doubled the duration of mouse survival over chemo-
therapy alone in preclinical models of AML [55]. A phase I/II trial of
GMI-1271 in combination with high-dose chemotherapy in AML
patients was quite promising (Table 2), hence progressing to two large
randomized phase III trials (NCT03616470, NCT03701308).

Although inhibitors of singular niche signals display promising anti-
cancer effects, there is evidence of treatment resistance through acti-
vation of alternative proliferation and survival pathways [67−70].
Consistent with these compensatory changes, inhibition of both
CXCR4 and E-selectin may be more effective than single agents
[71,72], thereby supporting the rationale for targeting multiple niche
signals.
POTENTIAL ROLES OF ENDOCYTOSIS IN LEUKEMIA

Endocytosis is the active process by which cells internalize surface
proteins and molecules provided by the surrounding niche across the
plasma membrane [73]. Endocytosis tightly regulates both the initia-
tion and termination of the signaling cascade and thereby controls
the magnitude of the cellular response (Figure 1A) [74−77]. Depend-
ing on the type of cargo, route of internalization, and mechanism of
endocytic scission, endocytosis of specific receptors can take place by
clathrin-mediated (CME), caveola-mediated (CavME), or clathrin-
independent (CIE) pathways.

CME is integral for cell migration, cytokinesis, signal transduction,
nutrient uptake, and recycling or degradation of proteins [75]. In
CME, cargos are internalized via clathrin-coated pits, assembly of
which is initiated by complexes of adaptor proteins, such as adaptor
protein 2 (AP2) lipids [78−80]. As the nascent plasma membrane
invagination grows, AP2, clathrin, and other cargo-specific adaptor
proteins recruit, internalize, and concentrate the cargo within the
endocytic vesicle. CME is a tightly orchestrated homeostatic process
in which aberrant expression or malfunction of key endocytic compo-
nents (for example, the AP2A2 subunit of AP2 complex was
reported to be involved in HSC self-renewal [81]) could have regula-
tory roles during malignant transformation and disease progression
[82].

The caveola pathway is crucial for the endocytosis of ligands (e.g.,
albumin, glycosphingolipids, integrins) and signaling receptors, as well
as fatty acids and cholesterol, all important for regulation of key cellu-
lar processes such as proliferation, metabolism, and migration. CavME
involves the formation of small bulb-shaped plasma membrane inva-
ginations called caveolae that are driven by both integral (i.e., caveo-
lins) and peripheral (i.e., cavins) membrane proteins [83,84]. Once
CavME is initiated, ligand-bound cargo receptors are concentrated
into the budding caveolae, which is regulated by kinases and phos-
phatases (e.g., Src tyrosine kinases, serine/threonine phosphatases
PP1 and PP2A). As with CME, dynamin (DNM) is also recruited
around the neck of budding vesicles to pinch off caveola endocytic
vesicles from the plasma membrane [85]. Genomic mutations leading
to aberrant expression or malfunction of the CavMe pathway have
been linked with metabolic alterations that contribute to oncogenesis
and relapse [86,87].

CIE has been found to regulate the internalization of different
adhesion molecules (i.e., ALCAM) [88] as well as cellular blebbing,
which involves the formation of actin-based membrane protrusions
involved in cell movement, cytokinesis, cell spreading, and apoptosis
[89]. CIE encompasses several endocytic pathways, and unlike
CME or CavME, the endocytic vesicles involved in CIE have no dis-
tinct coat [90,91]. The clathrin- and dynamin-independent (CLIC/
GEEC) pathway involves the GTPases RAC1 and CDC42, which
regulate the actin-dependent formation of clathrin-independent car-
riers (CLICs) and the subsequent production of glycosylphosphati-
dylinositol (GPI)-AP-enriched endosomal compartments (GEECs).
The endophilin-, dynamin-, and RhoA-dependent endocytic path-
way is essential for the internalization of several receptors, including
interleukin-2 receptors (IL-2Rs) and T-cell receptors (TCRs). CIE has
been reported to suppress blebbing in malignant cells and impairs
their invasiveness [92], suggesting a tumor suppressor role for spe-
cific key components of the CIE pathway in disease progression and
dissemination.

Endocytosis plays a key role in many integral cellular processes
that support stemness and contribute to oncogenesis, including
cell cycle, differentiation, survival, and metabolism [81,93,94].
Several components of the different endocytic routes are mutated
in different cancers, highlighting the importance of derailed endo-
cytosis in the pathogenesis of acute leukemia [73]. Accordingly,
we have found that loss of function of dynamin 2 (DNM2) pro-
moted progression by impairing growth factor receptor internali-
zation, which enhanced receptor-mediated signaling in LRCs and
promoted clonal expansion in the Lmo2-driven model of T-ALL
[95]. Given its central role in regulating several endocytic routes
and its involvement in the pathophysiology of several cancers
including acute leukemia [96], DNM appears to be a promising
therapeutic target.



Table 2 Therapeutics targeting the microenvironment in acute leukemia

Niche factor
Malignant cell
interaction Therapeutics Mechanism of action Pathway Leukemia Status References

Activin A (ACTA) Activin receptors
(ACVRs)

AZD3463 Inhibitor of activin receptor-
like kinases (ALKs)

ALK-Smad AML Pre-clinical Moharram SA, et al. Blood
Cancer J. 2019;9:5

BMP4 BMP receptors
(BMPRs)

K02288 Inhibitor of activin receptor-
like kinases (ALKs)

BMP-Smad AML Pre-clinical Long X, et al. Blood. 2019;134
(Supplement_1):3731

LDN-193189 Inhibitor of activin receptor-
like kinases (ALKs)

BMP-Smad AML Pre-clinical Raymond A, et al. Oncotarget.
2014;5:12675−12693

CCL2 CCR2 SC202525 CCR2 antagonist CCL2/CCR2 AML Pre-clinical Macanas-Picard P, et al. PLoS
One. 2017;12:e0168888

CCL3 CCR5 Maraviroc CCR5 antagonist CCL3/CCR5 ALL Pre-clinical Zi J, et al. Am J Cancer Res.
2017;7:869−8803

CCL19 (MIP-3b) CCR7 CAP-100 CCR7 blocking antibody CCL19/CCR7 T-ALL Pre-clinical Cuesta-Mateos C, et al. Cancer
Res. 2019;79(13
Supplement):4849

CCL25 CCR9 92R CCR9 blocking antibody CCL25/CCR9 T-ALL Pre-clinical Somovilla-Crespo B, et al. Front
Immunol. 2018;9:77

CXCL10 CCR3 AMG487 CCR3 antagonist CXCL10/CCR3 B-ALL Pre-clinical Gomez AM, et al. Blood Cells
Mol Dis. 2015;555:220−227

CXCL12 CXCR4 Plerixafor (AMD3100) CXCR4 antagonist CXCL12/CXCR4 AML Phase 1/2 Uy GL, et al. Blood.
2012;119:3917−3924

AML, ALL Phase 1 Cooper TM, et al. Pediatr Blood
Cancer. 2017;64:e26414

T-ALL Pre-clinical Walker KL, et al. Leuk & Lymp.
2021;62:1167−1177

AML Phase 1/2 NCT0090645

AMD3465 CXCR4 antagonist AML Pre-clinical Zeng Z, et al. Blood.
2009;113:6215−6224

BL-8040 (formerly
BTK140)

CXCR4 antagonist AML Phase 2a Borthakur G, et al. Blood.
2016;128:2745

AML Pre-clinical Abraham M, et al. Leukemia.
2017;31:2336−2346

LY2310924 CXCR4 antagonist AML Pre-clinical Cho BS, et al. Blood.
2015;126:222−232.

Ulocuplumab (BMD-
936564/MDX-1338)

CXCR4 blocking antibody AML Phase 1 Becker P, et al. Blood.
2014;124:386

E selectin CD162 Uproleselan (GMI-1271) E selectin antagonist E selectin/
CD162

AML Pre-clinical Barbier V et al. Nat Communs.
2020;11:2042

AML Erbani J, et al. Front Cell Dev
Biol. 2020;8:668

(continued on next page)
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Table 2 (Continued)

Niche factor
Malignant cell
interaction Therapeutics Mechanism of action Pathway Leukemia Status References

AML Phase 1/2 DeAngelo DJ, et al. Blood.
2018;132(Supplement 1):331.

AML Phase 3 NCT03616470, NCT03701308

DLL1/DLL4/
JAG1

NOTCH1-4 GSI-XII Gamma secretase inhibitor
(GSI)

Notch B-ALL Pre-clinical Kamga PT, et al. Cancer Res.
2019;79:639−649

GSI-I Gamma secretase inhibitor (GSI) B-ALL Pre-clinical Meng X, et al. Leukemia.
2011;25:1134−1146

BMS-906024 Gamma secretase inhibitor (GSI) T-ALL Phase 1 Zweidler-McKay PP, et al.
Blood. 2014;121:Abstract 968

Galectin-3 Diverse GCS-100 Galectin inhibitor Galectin AML Pre-clinical Ruvolo PP, et al. Biochim
Biophys Acta. 2016;1863:562
−571

CLL Phase 2 NCT00514696

KB1019.7 Galectin inhibitor ALL Pre-clinical Tarighat SS, et al. Blood.
2015;126:2047

IGF1 IGF-1R NVP-AEW541 IGF-1R tyrosine kinase
inhibitor

IGF1/IGF-1R AML Pre-clinical Tazzari PL, et al. Leukemia.
2007;21:889−896

IL-1a/b IL-1R1 Kineret (Anakinra) Il-1 R antagonist IL-1a/b/IL-1R1 AML Pre-clinical Arranz L, et al. Nature.
2014;512:78-81

CLL Phase 1 NCT04691765

IL-2 IL-2R BNZ-1 g-chain cytokine inhibitor IL-2/IL-2R T-ALL Pre-clinical Wang TT, et al. Leukemia.
2019; 33:1243−1255

CTCL Phase 1/2 Querfeld C, et al. Blood. 2020;
136(Supplement 1):37

IL-6 IL-6R Tocilizumab IL-6R blocking antibody IL-6/IL-6R B-ALL Phase 1 Kadauke S, et al. J Clin Oncol.
2021;39:920−930

AML Phase 1 NCT04547062

IL-7 IL-7R Ruxolitinib JAK1/2 inhibitor IL-7/JAK/STAT ALL Phase 2 Tasian SK, et al. Blood.
2018;132(Supplement 1):555

AML Phase 2 NCT01348490

GSK2618960 IL-7R blocking antibody IL-7/JAK/STAT B-ALL Pre-clinical Abdelrasoul H, et al. Nat
Communs. 2020;11:3194

IL-8 CXCR2 SB-332235 CXCR2 antagonist IL-8/CXCR2 AML Pre-clinical Schinke C, et al. Blood.
2015;125:3144−3152

N-cadherin N-cadherin GC-4 N-cadherin blocking
antibody

N-cadherin AML Pre-clinical Marjon KD, et al. Oncogene.
2016;35:4132−4140

(continued on next page)
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DYNAMINS: A NOVEL THERAPEUTIC TARGET IN
ACUTE LEUKEMIA

Dynamins are a family of large GTPases required budding and scis-
sion of endosomes for CME, CavME, and some CIE pathways
[73,97]. The mammalian genome encodes three classic DNM pro-
teins, which share 80% overall homology and play at least partially
redundant roles in endocytosis [98]. DNM1 is neuron specific and
plays a key role in synaptic vesicle endocytosis with DNM1-null mice
dying in early postnatal life [99] DNM2 is ubiquitously expressed
and its loss causes embryonic lethality [100]. DNM3 is found promi-
nently in the brain, heart, lung, and testes, yet mice lacking DNM3
are viable and fertile [101]. Recent work has highlighted the key role
of DNM in completing the endocytosis process by orchestrating the
multivalent protein interactions that enable successful membrane scis-
sion in stimulated cells [102]. Accordingly, DNM dysfunction or over-
expression in malignancies has been associated with increased
receptor-mediated signaling, thus promoting cell migration, invasion,
and metastasis [96].

Genetic and pharmacologic studies revealed that dynamin-depen-
dent endocytosis (DDE) is essential for internalization of ligand-bound
receptors and downstream activation of signaling pathways
(Figure 1A), as well as the internalization and recycling of surface pro-
teins in stimulated cells (Figure 1B) [75,103]. Although previous studies
have determined the in vitro efficacy of DNM inhibitors in blocking
endocytosis of ligand-bound receptors in cancer cells [95,104−106],
our recent work provided the first in vivo evidence that small molecule
inhibition of DDE significantly impaired LRC activity (self-renewal as
measured by serial transplantation assays, and clonal expansion as
defined by repopulation capacity and leukemogenicity) and promoted
chemosensitivity by blocking multiple signaling pathways (Figure 1C)
[1]. In T-ALL, treatment with the specific DNM inhibitor Dynole 34-2
prevented the internalization of receptors for IL-7 and stem cell factor
(SCF), as well as Notch1, whereas in AML, inhibition of DDE impaired
signal transduction from IL-3, SCF, and granulocyte−macrophage col-
ony-stimulating factor (GM-CSF) [1]. Administration of Dynole 34-2
significantly reduced leukemic burden in association with conventional
chemotherapy in different models of acute leukemia, including patient-
derived xenograft (PDX) models of both T-ALL and AML. Impor-
tantly, Dynole 34-2 significantly delayed the onset of disease [1], alone
and in combination with the chemotherapy regimens commonly used
for these hematological cancers in all models of leukemia tested, sug-
gesting antileukemic activity of DDE inhibitors independent of the
mutational profile. Together, these preclinical data illustrate the impor-
tance of DDE for survival of LRCs that are responsible for relapse in
acute leukemia and, most importantly, that a safe and controlled
manipulation of endocytosis may enhance the clinical response of
combination treatment. Given the incredible diversity of niche signals,
targeting multiple pathways is likely to be more effective and could
overcome the rapid resistance-promoting adaptive responses to che-
motherapies and targeted therapies [107]. Although these studies
focused on endocytosis of ligand-bound receptors and signal transduc-
tion (Figure 1A), the effects of blocking DDE on the uptake of
nutrients and cell−cell interactions within the microenvironment may
also be important. An improved understanding of the effects of DNM
inhibitors on LRCs and their surrounding niche might inform the
development of superior combination therapies for refractory acute
leukemias.



Figure 1 Consequences of targeting endocytosis in combination therapies. (A) Schematic model of the transduction of niche-
induced signaling pathways. Stimulation by ligands such as hormones (green) and cytokines (blue) or immunogenic factors (orange)
triggers downstream signaling pathways, as well as the dynamin-dependent endocytosis (DDE) of ligand-bound receptors in cla-
thrin-coated vesicles. (B) Signal block: inhibition of endocytosis with small molecule inhibitors, such as Dynole 34-2, prevents the
internalization of ligand-bound receptors and limits downstream activation of signaling pathways, leading to decreased survival and
synergy with stress-inducing therapies such as chemotherapy [1]. (C) Schematic model of the immunogenic recognition of cell-spe-
cific antigens. Stimulation of diverse surface proteins by ligands (pink) triggers DDE, which limits the recognition of specific epitopes
displayed on these surface proteins by circulating monoclonal antibodies. (D) Surface trap: Inhibition of endocytosis with small mole-
cule inhibitors prevents the internalization of surface proteins, leading to increased exposure to circulating monoclonal antibodies
and synergy with immunotherapy targeting these specific cell surface proteins [108].
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A recent breakthrough study revealed that reversible inhibition of
DDE improved the efficiency of natural killer cell-mediated anti-
body-dependent cellular toxicity (ADCC) by promoting the accumu-
lation of surface proteins targeted by antitumor monoclonal
antibodies (Figure 1C,D) [108]. A pilot study determined that inhibi-
tion of endocytosis synergized with immunotherapies in vivo and sig-
nificantly improved the clinical response in humans [108]. Given the
key role of immune escape in facilitating leukemia initiation, progres-
sion and dissemination of malignancies [109,110], enhancing the anti-
tumor immunity response with endocytosis inhibitors might be of
great therapeutic value. Immune selection of tumor subclones devoid
of the antigen targeted by anti-tumor immunotherapies represents
another mechanism of therapeutic resistance, which might be coun-
teracted by using DNM inhibitors in combination therapies. Given
the increasing interest in immunotherapies based on anti-tumor
monoclonal antibodies or engineered immune cells (e.g., chimeric
antigen receptor [CAR] T cells) for the treatment of acute leukemia
and several other cancers, the accessibility of the specific tumor cell
antigens is crucial for effective targeting, tumor clearance, and clinical
response (Figure 1B). Therefore, reversible inhibition of endocytosis
represents an attractive strategy to enhance tumor-antigen presenta-
tion at the surface of malignant cells, increase immune response, and
ultimately improve the clinical benefit of immunotherapies in
patients.

Therapeutic doses of DNM inhibitors appear well tolerated in
vivo in combination with chemotherapy, with no obvious myelo-
suppression or gut toxicity, despite inhibiting multiple signaling
pathways that are important for homeostasis [1,105], suggesting a
suitable therapeutic window for targeting DDE. Unlike chemo-
therapy, which impairs HSC activity [111−113], Dynole 34-2 had
no detrimental effect on HSC fitness and differentiation potential,
as assessed in long-term transplantation assays [1]. On the con-
trary, DDE inhibition had a significant protective effect on normal
HSCs, because Dynole 34-2 prevented the chemotherapy-
induced decrease in HSC activity and restored normal differentia-
tion in recipients [1]. Furthermore, pilot clinical data in patients
with solid tumors indicated the safety of using DNM inhibitors as
combination therapies in humans [108]. This represents a para-
digm shift on the clinical application of specifically and reversibly
inhibiting endocytosis in combination therapies.
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Apart from inhibitors of DNM [114,115], small molecules that
selectively target other key regulators of the major endocytic routes
have recently been reported [116]. The Pitstop series of small mole-
cules were among the first class of CME-specific inhibitors to be
described, and were subsequently used for investigating the dynamics
of clathrin-coated pits and more broadly the many steps involved in
endocytosis and vesicle recycling [117,118]. Together, these tool com-
pounds have been instrumental in improving our understanding of
endocytosis and characterize the key factors regulating the different
endocytic routes. However, their anticancer activity remains poorly
documented, with a single study indicating that inhibition of CME by
Pitstop 2 induces apoptosis in malignant cells [119].
CONCLUSIONS AND PERSPECTIVES

Adaptive therapeutic resistance relies on the inherent plasticity of
LRCs that enables the acquisition of point mutations affecting the
binding site of small molecule inhibitors, as well as the activation of
alternative pathways [67,68]. Although targeting multiple signaling
pathways by inhibiting key components of specific endocytic routes
represents a promising approach to limit therapeutic resistance, the
antileukemic activity of endocytosis-targeting drugs could be limited
by LRC plasticity, which might allow relapse-inducing cells to use
alternative endocytic routes. Selection of clones harboring genetic
abnormalities decreasing the affinity of specific therapies for binding
pockets on their targets represents another potential mechanism of
therapeutic resistance, which would enable the emergence of resis-
tant LRC clones. Protection by the cell niche is another proposed
mechanism of chemoresistance, becuase the tumor microenviron-
ment is a critical regulator of immune escape, progression, and dis-
semination of malignancies. Extrinsic-adaptive resistance lies in the
treatment process rather than the intrinsic properties of relapse-induc-
ing cells, and is thereby influenced by signals from the microenviron-
ment. Simultaneously targeting LRC stem cell-like properties (e.g.,
self-renewal, plasticity, therapy resistance) and the cellular interactions
from the niche that protects malignant cells from killing by high-dose
therapy might represent a superior therapeutic strategy to eradicate
LRCs and improve the outcome for poor-prognosis malignancies.
Therefore, targeting endocytosis may be advantageous as it straddles
both the microenvironment and LRC intrinsic adaptive resistance
pathways.

Despite encouraging proof-of-concept data with dynamin inhibi-
tors such as Dynole 34-2 and other small molecule inhibitors of key
components of endocytosis [1,105], inherent limitations (e.g., unsuit-
ability for optimization, limited potency, little evidence of on-target
activity) have prevented their clinical application, with only one study
describing the safety and efficacy of endocytosis inhibitors in patients
[108]. Although the merit of targeting key components of specific
endocytic routes is yet to be fully explored in clinical trials, encourag-
ing preclinical data for Dynole 34-2 revealed the in vivo efficacy of
endocytosis inhibitors in targeting LRCs in acute leukemia [1],
thereby suggesting that blocking endocytosis might limit the adaptive
changes or selection for clones that drive relapse. Although endocyto-
sis inhibition has emerged as a promising target in hematological
malignancies, validation and translational studies have been hindered
by the lack of clinical-grade small molecule inhibitors of endocytosis.
Therefore, the development of suitable pharmacologic inhibitors has
the potential to significantly benefit patients, because endocytosis-
targeting therapies are expected to improve the efficacy of current
chemotherapy and/or immunotherapy regimens while limiting life-
threatening side effects caused by prolonged exposure to genotoxic
drugs, improving response to treatment, and ultimately improving sur-
vival for acute leukemia and other poor-prognosis cancers.
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