
Current treatment modalities in leukemia are limit-
ed by bone marrow (BM) toxicity, a common
adverse effect of cytotoxic chemotherapy and

transplant-related conditioning regimens, resulting in an
increased risk of bleeding and infections. Strategies to
protect the BM from cytotoxic injury could augment
hematopoietic recovery and improve overall patient out-
comes.
Hematopoietic recovery following cytotoxic therapies

and irradiation is dependent on the maintenance of a rare
population of hematopoietic stem cells (HSCs) - which
have the ability to sustain long-term hematopoietic
recovery.1,2 Following HSC transplant, there is evidence of
decreased BM cellularity3 and diminished colony-forming
capacity4-6 which could last up to approximately 5 years.
Growing evidence attributes these functional defects to
several intrinsic and extrinsic regulators which orches-
trate radiation-induced senescent and pro-apoptotic pro-
grams, thereby dictating HSC fate.7,8 Several radioprotec-
tive agents have been identified,9 but very few mitigate

radiation toxicity in the post-injury setting. Historically,
mouse studies have informed post-irradiation strategies
to promote HSC regeneration which are either cytokine-
based, such as a combination of stem cell factor, FMS-like
tyrosine kinase 3 ligand, megakaryocyte growth and
development factor (MGDF) and Interleukin-3 (IL-3),10

single agent IL-33,11 or inhibitors targeting PTPσ12 - none
of which have been confirmed in the clinical setting.
Cognate receptors for sex hormones and luteinizing hor-
mone (LH)-releasing hormone (LHRH) have been identi-
fied on HSC and implicated in their function.13-15 For
example, LH can induce HSC expansion in vitro.13

Moreover, preclinical studies targeting the sex-steroid
axis, have demonstrated enhanced hematopoietic stem
cell function and immune recovery, following sex-steroid
ablation16-18 and LHRH-antagonism.13

In this issue of Haematologica, Dalle and colleagues19

provide clinical evidence of BM recovery and long-term
hematopoietic reconstitution following targeted therapy
of the sex-steroid axis. They conducted a retrospective
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Figure 1. Schematic model of
luteinizing hormone-releasing
hormone antagonism mediated
cytoprotection which promotes
hematopoietic stem cell  recov-
ery following haematopoietic
injury.  Dalle et al.19 provide clini-
cal evidence for bone marrow
recovery and long-term
hematopoietic reconstitution
with luteinizing hormone-releas-
ing hormone (LHRH) antagonism
(leuprolide) in leukemia patients
following chemotherapy. HSC:
hematopoietic stem cell; HSPC:
hematopoietic stem and progen-
itor cell; LHCGR: luteinizing hor-
m on e/ ch or iog on adot rop in
receptor; LH: luteinizing. hor-
mone. Figure created with
BioRender.com.



study of premenopausal women with leukemia treated
with intensive chemotherapy and investigated the impact
of leuprolide (gonadotropin-releasing hormone analogue)
on long-term hematopoietic reconstituting ability. Their
findings established an association between leuprolide
use in leukemic patients and sustained recovery in blood
counts. Additionally, patients with acute myeloid
leukemia treated with leuprolide showed higher long-
term hemoglobin levels and fewer blood transfusions.
Notably, leuprolide treatment had no impact on either
overall or event free survival. Finally, multivariate analysis
confirmed that leuprolide administration showed an
independent association with long-term hematological
recovery.   
This retrospective clinical study seeks to build upon

previous work showing that sex steroid ablation and
abrogation of LH can have beneficial effects on
hematopoietic reconstitution in preclinical mouse mod-
els. However, the study raises several unanswered ques-
tions. Firstly, what would be an ideal clinical window and
dosage for leuprolide administration following
chemotherapy and whether that impacts association with
recovery? The preclinical studies with LHRH-antagonists
were protective when administered within 24 hours after
radiation.13 The current study was limited by sample size
to determine statistical significance. Secondly, in relapse
cases, where reinduction chemotherapy and irradiation is
the standard of care, is additional leuprolide required to
help boost hematological tolerance, thereby mitigating
hematopoietic stress and temporary cytopenias? Thirdly,
are the effects of leuprolide on hematopoietic recovery
restricted to BM malignancies or could it be repurposed
for treatment of other malignant and non-malignant dis-
eases with BM involvement? Finally, from a mechanistic
perspective, recent work demonstrating a role for estro-
gens in regulating HSC proliferation and function14,15 begs
the question: are these effects specific to LH or sex
steroids? Considering the rationale for leuprolide to pro-
tect against chemoradiation induced premature ovarian
failure,20,21 preserved estrogen levels could explain the
indirect beneficial effects of leuprolide on hematopoietic
recovery. Hence, this warrants additional clinical studies
accounting for ovarian failure, as that interpretation
would restrict the potential utility of this therapy to a
younger cohort. These findings also suggest a role of HSC
extrinsic factors and raise the question whether leupro-
lide has a similar cytoprotective effect on the BM
microenvironment?
In conclusion, the work by Dalle et al.19 highlights a

potential new therapeutic option for improving hemato-
logical recovery in patients undergoing intensive
chemotherapy and transplant conditioning regimens, by
boosting post-injury long-term hematopoietic reconstitu-
tion; although follow-up clinical investigations are war-
ranted for the rational development of leuprolide as a
stand-alone therapy, or in conjunction with other agents.
This study also underscores the relevance of mouse mod-
els to explore additional markers and molecular underpin-
nings which confer survival advantage in post-irradiated
HSC and BM, as those discoveries will direct us to novel
non-cellular approaches to promote hematopoietic recov-
ery and serve as effective therapies against BM toxicity. 
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Acute myeloid leukemia (AML) is a heterogenous
largely intrinsically resistant bone marrow stem
cell malignancy.1 While intensive therapies, includ-

ing stem cell transplant, can cure some patients, these are
difficult to apply and/or are ineffective in the many older
patients who contract this disease. Individual patients
have varying degrees of sensitivity to available agents
which can be delineated based on cytogenetic and molec-
ular disease features. About 30% of AML patients have
malignant cells whose DNA harbors a mutation in the
FLT3 gene, encoding a transmembrane tyrosine kinase
that transmits mitogenic signals from the extracellular
space to the nucleus.2 Three-quarters of the mutations
encode a duplication of from 3 to 100 amino acids in the
juxtamembrane region (which is associated with an
adverse prognosis); the remaining mutations are point
mutations in the tyrosine kinase domain.2 Both mutations
result in spontaneous dimerization and activation of the
enzyme without the need for cognate ligand binding.
Patients with mutant FLT3 AML are routinely treated in
the upfront setting with chemotherapy plus midostaurin,
a multitargeted tyrosine kinase with FLT3 inhibitory
activity.3 Patients with relapsed or refractory mutant FLT3
AML can be treated with gilteritinib, a more specific and
relatively well-tolerated FLT3 inhibitor, based on results
of a clinical trial showing superior survival with gilteritinb
compared to conventional chemotherapy.4

Unfortunately, despite the successes with midostaurin
and gilteritinib in clinical trials, patients with mutant FLT3
AML frequently relapse after such therapies and are thus
in need of new agents. The study of the mechanisms of
resistance to FLT3 inhibitory therapy in AML is an impor-
tant strategy to derive additional therapies.  Patients who
fail to respond or relapse after responding to gilteritinib
frequently have mutations in the RAF-MAP-ERK down-
stream pathway.5 While there are no inhibitors of this
pathway in use for leukemia, this would be one strategy
to employ in combination with FLT3 inhibitors to fore-
stall or eliminate such resistance. Levis and colleagues
have suggested that bromodomain inhibition in combina-
tion with FLT3 inhibition could potentially be a useful
way to overcome resistance to single-agent FLT3 inhibito-
ry therapy (M Levis, personal observations, 2020).  
Bromodomain and extra-terminal domain (BET pro-

teins) are master transcriptional regulators which activate
a wide variety of genes6 that are involved in cell cycle pro-
gression, leukemogenesis, and elaboration of stromal
derived cytokines, the latter being important mechanisms
of resistance to FLT3 inhibitors.7 FLT3 inhibitors often
clear peripheral blasts but fail to eliminate bone marrow
blasts, presumably due to these pro-survival cytokines.
Thus, inhibition of BET proteins, including BRD 2, 3 and
4 and BRD T could be useful in preventing FLT3 inhibitor
resistance. BRD 4 may be the most relevant target since it
recruits an important complex involved in transcription of
MYC and other genes important in promoting cell divi-
sion; this complex is called the positive transcription elon-
gation factor complex (P-TEFb). 
In this edition of Haematolgica, Lee et al. show that a

novel BET inhibitor, PLX51107,  achieved the goal of ade-
quate MYC suppression in humans, thereby making it an
attractive agent to combine with FLT3 inhibitors.8 Could
MYC downregulation with its associated decrease in cell
cycle progression be useful in combination with FLT3
inhibitors such as the FLT3 ITD specific and potent agent,
quizartinib?
Lee et al. make the important point that, while previous

work had demonstrated synergistic cytotoxic effect of the
BET inhibitor JQ1 and a FLT3 inhibitor, these experi-
ments were performed in cell suspension culture which
fails to faithfully reproduce the clinical situation. Blasts
preferentially survive in the bone marrow stroma bathed
in cytokines released by endothelial and other support
cells. The authors of the current work showed that
PXL51107 has single-agent activity against the FLT3 ITD
containing human leukemia cell lines MV4-11 and
MOLM14 in culture and in vivo in murine xenograft mod-
els but has no independent FLT3 inhibitory activity. This
activity was synergistically increased when quizartinib
was given in combination in the MV4-11 xenograft model
or in primary AML cells co-cultured with bone marrow
stroma. Further, plasma samples obtained from patients
on a clinical trial of single-agent PLX51107 display MYC
inhibition activity, suggesting that this agent possesses
the  requisite properties to achieve the goal of downregu-
lation of pro-survival cytokines, making it a good candi-
date to combine with FLT3 inhibitors.  
In summary, the preclinical work described by Lee et al.
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