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Abstract

Purpose of Review Glucocorticoids are a mainstay in acute lymphoblastic leukemia treatment and lack of early response is
predictive for overall disease prognosis. Given the vital position of glucocorticoids and well known long and short-term side
effects associated with differing glucocorticoids, we aim to highlight the wide breadth of historical and more contemporary
data to describe the current landscape of glucocorticoid use in this arena.

Recent Findings Emerging studies aim to overcome issues such as steroid resistance and to optimize the antileukemic effects
of glucocorticoids while aiming to mitigate the risks and side effects associated with their exposure.

Summary Glucocorticoids have and likely always will be a fundamental component of acute lymphoblastic leukemia treat-
ment and understanding how to navigate short- and long-term effects and how to optimize regimens is at the heart of con-

tinued treatment success.

Keywords Glucocorticoid - Acute Lymphoblastic Leukemia - Resistance - Regimen

Introduction

The history of glucocorticoid (GC) use in acute lymphoblas-
tic leukemia (ALL) is long standing and synthetic GCs are
noted as one of the first antileukemic components in ALL
regimens. The first studies concentrated on comparisons and
evaluation of dose response and differences in efficacy, side
effect profiles and overall outcomes. As GCs continued to be
implemented over decades of use, closer inspection brought
to light further complexities including steroid resistance
leading to in vivo and in vitro analyses to better understand
these mechanisms and the pathways involved in the hopes
for targeted therapies to both overcome this resistance and
enhance GC efficacy. This review will serve as a biography
of sorts to describe the history and progression of GCs use
in ALL and the future we may be able to anticipate in their
continued and steadfast use.
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Glucocorticoid Mechanism of Action in Acute
Lymphoblastic Leukemia

Glucocorticoids have been an integral and mainstay com-
ponent of chemotherapy regimens in ALL for decades and
poor initial response to GCs is a predictor for treatment fail-
ure [1-3]. The mechanisms involved in the efficacy of GCs
include multiple biological pathways mediated by the inter-
action of the GCs and their glucocorticoid receptor (GCR)
which can act as a transcriptional activator or repressor. This
is achieved through direct binding to DNA or interaction
with transcription factors resulting in the ability to induce
cell cycle arrest, inhibit cell growth, and mediate apoptotic
pathways that ultimately lead to cellular death [1].

History of Dexamethasone Vs Prednisone
in ALL

Due to their lympholytic properties, synthetic GCs includ-
ing prednisone and dexamethasone have been historically
employed as anti-inflammatory and immunosuppressive
agents. GGs were among the first drugs which were used
for ALL treatment and have been utilized in combination
with chemotherapy for decades [4, 5]. Both compounds are
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synthetic analogs of endogenous cortisol but differ in their
molecular structure and in their pharmacokinetic profile.
Dexamethasone has greater cytotoxic effect and in vivo fac-
tors that may contribute to its greater efficacy including a
lower protein-bound fraction and longer half-life in both
plasma and the cerebral spinal fluid (CSF), leading to better
CSF penetration, higher CSF concentrations and reduced
rates of CNS relapse observed during induction therapy
[6-8].

Early trials comparing these synthetic GCs initially con-
centrated on evaluating dose comparisons and response and
demonstrated that the dose of dexamethasone was positively
associated with the degree of bone marrow response [4].
Higher dose dexamethasone treatment abrogated the effect
of relative drug insensitivity and of low GCR expression on
leukemia blast cells [4]. In vitro studies examining antileu-
kemic potency describe a 16-fold higher cytotoxic potential
for dexamethasone compared to prednisone [5]. In contrast,
several randomized trials investigating various prednisone/
dexamethasone ratios lead to consensus estimation of a bio-
logically equipotent ratio of 6 to 7 of prednisone to dexa-
methasone [9, 10].

The Children's Cancer Group (CCG)-1922 study ran-
domized 1060 patients with standard risk ALL to receive
prednisone (40 mg/m?*/day) or dexamethasone (6 mg/m?/
day) during remission-induction, consolidation, and main-
tenance therapy and demonstrated that patients randomized
to the dexamethasone arm had higher event-free survival
(EES) (85% vs. 77%; p=0.002) and a lower 6-year incidence
of isolated CNS relapse (3.7% vs. 7.1%; p=0.01) [11ee].
Similarly, the Medical Research Council (MRC) ALL 97/99
study randomized 1603 children with standard- and high-
risk ALL and those who received dexamethasone (6.5 mg/
m?/day) rather than prednisolone (40 mg/m?/day) during the
induction, consolidation, and continuation phases had half
the risk of isolated CNS relapse (2.5% vs. 5%; p=0.0007)
and 5-year EFS was significantly greater with dexametha-
sone (84.2% vs. 75.6%; p=0.007) leading to early closure of
randomization given this observed superiority [12ee].

Higher EFS is even observed when dexamethasone is
used only after induction therapy and can abrogate the adver-
sity of high-risk disease as observed in the Dana Farber Can-
cer Institute (DFCI) ALL Consortium Protocol 00-01 study
of 408 patients randomized to prednisone or dexametha-
sone every 3 weeks during intensification and continuation
therapy, after prednisone-based remission-induction therapy
[13ee]. Standard-risk patients were randomized to receive
prednisone 40 mg/m?*/day or dexamethasone 6 mg/m?/day,
while the high-risk group were randomized to receive higher
doses (prednisone 120 mg/m?*day and dexamethasone 18
mg/m?*/day) during intensification therapy. The 5-year EFS
estimate was 90% in the dexamethasone arm and 81% in
the prednisone arm (p=0.01) and dexamethasone has proven
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superiority among patients with high-risk ALL (5-year EFS,
91% vs. 78%, p=0.01) compared to standard-risk patients
(89% vs. 84%, p=0.01). Lastly, in the collaborative clinical
trial AIEOP-BFM ALL 2000 conducted by the Associazione
Italiana di Ematologia e Oncologia Pediatrica (AIEOP) and
Berlin-Frankfurt-Miinster (BFM) [14ee] evaluating 3655
patients following a 7-day prednisone prophase, higher doses
of prednisone (60 mg/mz) and dexamethasone (10 mg/mz)
during induction therapy were evaluated and demonstrated
6-year EFS was greater with dexamethasone versus pred-
nisone (84.1% vs. 79.1%; p=0.0083). 6-year cumulative risk
of relapse was significantly different (11% for dexametha-
sone vs. 18% for prednisone; p<0.001) and the difference
was observed for both isolated bone marrow relapse (8% vs.
12%) and CNS relapse (2% vs. 4%). While the cumulative
risk of relapse was reduced by dexamethasone in both ALL
phenotypes, it was most pronounced among patients with
T-ALL (6% vs. 20%; p=0.003) and in those with ETV6-
RUNXI (4% vs. 13%; p<0.001) who had a good response to
the prednisone prophase.

The AIEOP-BFM study also evaluated outcomes includ-
ing the prognostic impact of minimal residual disease
(MRD), EFS and overall survival (OS) with use of dexa-
methasone versus prednisone in induction phase ALL ther-
apy [14ee, 15-17]. The use of dexamethasone (10 mg/m2/
day) in place of prednisone (60 mg/m2/day) resulted in evi-
dent differences in outcomes. 5-year cumulative incidence
of relapse (10.8% in the dexamethasone study arm vs. 15.6%
with prednisone, p=<0.0001), and the largest impact was
observed on extramedullary relapses with 5-year EFS rates
of 83.9% for dexamethasone and 80.8% for prednisone
(p=0.024). the benefit of dexamethasone was partially offset
by significantly higher induction-related death rates where
life-threatening events in the dexamethasone arm included
bacterial and fungal infections, as well as neurologic and
gastrointestinal complications. At the interim analysis, ado-
lescent patients appeared to be at the highest risk for these
complications and as such, 4 years into the trial, randomi-
zation for patients 10 years of age and older was stopped.
There was no difference in 5-year OS for either GC, how-
ever, there was a significant OS benefit from dexamethasone
vs prednisone (91.4% vs 82.6%, p=0.036) in patients with
T-cell ALL who had a good response to the prednisone pre-
phase, as well as better EFS and relapse reduction.

Glucocorticoid Resistance in ALL

The considerable link between primary GC resistance and
poor prognosis and outcomes in ALL underscores the signif-
icance of GC therapy [18-20]. Poor prednisone response is
defined as the presence of >1.0 x 10° blasts/L in the periph-
eral blood on day eight of therapy and predicts significantly
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higher risk for relapse and worse outcomes and as such, GC
resistance identifies a high-risk population with ALL that
could benefit from intensifying therapy or an alternative
consolidative approach [4, 21-23].

Notably, the precise mechanisms of this resistance have
yet to be fully understood. It is postulated that GC treat-
ment may incur selection pressure on leukemic cells lead-
ing to acquired genetic changes that weaken a functional
steroid response, leading to therapy failure and relapse [24].
Another avenue could be subclones with mutations respon-
sible for GC resistance being already present at the time
of diagnosis such that the elimination of GC-sensitive cells
causes the resistant subpopulation to become a dominant
clone [24].

What is evident is that the GCR plays a significant role
in this process. The human GCR is a protein encoded by
the NR3CI gene comprised of 9 exons [24]. It is widely
expressed and binds GC hormones to mediate cellular and
tissue-specific effects in development, metabolism, and
immune response [25]. As a result of alternate splicing of
exon 9, GCRa and GCRp variants are produced, the latter of
which is unable to bind GC. It is such that the GCR isoform
is thought to contribute to GC resistance in ALL treatment
by competing with GCRa at the DNA-binding site and this
resistance can be produced by its antagonism towards GCR
[25-27]. Other GCR splice variants including GCRy were
discovered to change GCR sensitivity and GCRy expression
has been linked to resistance to dexamethasone treatment
in ALL [27, 28]. Other reported mechanisms involving the
receptor include lower overall NR3CI gene expression which
leads to decreased GCR expression and has been linked to
poor prognosis and tumor development [23].

Through studies utilizing ALL cell lines in vitro and ret-
rospectively evaluating clinical responses, multiple signal-
ing pathways have been implicated in GC resistance during
ALL treatment and directly correlated with GC sensitivity.
The BCL-2 protein family has been identified as a critical
mediator of GC-induced apoptosis and proteasomal degra-
dation of the GCR has also been implicated in resistance
to GC treatment [29-31]. GC resistance has been linked to
IKZF I mutations, which are especially prevalent in Ph-like
ALL. In a study of 646 pre-B ALL patients, IKZFI-deletions
correlated with day 8 prednisone response and were more
prevalent in poor prednisone response patients [32]. Acti-
vation of the IL-7 signaling pathway plays a crucial role
in T- and B-cell development and has been associated with
T-ALL resistance to GC treatment [33-35]. Activation of
the PI3BK/AKT/mTOR signaling cascade prevents the GCR
from translocation to the nucleus and it is the activation of
AKT]1 that may play a role in the development of GC resist-
ance in ALL [36]. The MAPK-ERK pathway which takes
part in controlling cellular growth and survival has also been
implicated, and this is supported by enhancement of GC

sensitivity when GC resistant cell lines were treated with a
MAPK inhibitor [37].

Interventions for Glucocorticoid Resistance

Given the direct correlation between glucocorticoid resist-
ance and outcomes in ALL, there has been significant effort
and research dedicated to overcoming this challenge and elu-
cidating methods of enhancing GC therapy. Most of these
methods aim to intervene in specific signaling pathways and
have been previously discussed in the literature [38].

Cyclic adenosine monophosphate-dependent protein
kinase (cAMP-PKA) signaling is one such pathway wherein
GCR protein levels are increased to overcome GC resist-
ance and increase GCR levels in T-ALL patient samples
[39]. Specific microRNAs (miRNAs) have been implicated
by either up or downregulation, leading to alteration in
GCR'’s nuclear translocation or suppressing its expression
and these miRNAs could perhaps be targeted to specifically
overcome GC resistance [40, 41]. Overexpression of caspase
1 (CASP1), which cleaves the GCR at its transactivation
region can also lead to resistance, and hence, inhibitors of
CASP1 have also been implicated for possible future targets
[42]. Proteasome inhibitors have also been tried in combina-
tion with ALL regimens (i.e. carfilzomib). However, when
combined with dexamethasone, mitoxantrone, methotrexate,
pegylated L-asparaginase, and vincristine (UKALLR3) dur-
ing induction therapy, carfilzomib was found to be exces-
sively toxic [43]. Conversely, in another phase 1 study of ten
patients with Philadelphia chromosome (Ph) negative ALL
undergoing induction, when carfilzomib was combined with
hyper-fractionated cyclophosphamide, vincristine, doxoru-
bicin, and dexamethasone (HyperCVAD), the treatment was
well tolerated with 90% CR rates following initial cycle and
70% of patients achieving MRD negative remission [44].

In the case of Ph- positive B-cell ALL, where tyrosine
kinase inhibitors are now implemented as standard of care,
dasatinib has been of particular interest. This is owed to
the observed relationship between GC-resistance and B-cell
development with activation of downstream PI3K/mTOR
and CREB signaling and dasatinib’s dual SRC/ABL inhibi-
tor mechanism which inhibits these pathways. The combi-
nation of dasatinib with dexamethasone results in increased
cell death in vitro and increased survival in an in vivo model,
suggesting dasatinib may be beneficial in GC resistance in
ALL [45].

T-ALL poses another unique space often showing resist-
ance to the first 7 days of GC treatment and with more lim-
ited treatment options in the context of relapse, classifying
these cases as high-risk disease. This resistance has also
correlated with inferior disease-free survival even follow-
ing high-risk adapted therapy and these patients tend to
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respond poorly compared to other high-risk cohorts [2,
46-48]. As such, varied combinations have been studied
in this space including NOTCHI1 inhibitors such as gamma
secretase inhibitors (GSIs). GSIs lead to a reduction of the
levels of NR3Cl1 transcriptional repressor and restored GC
receptor self-activation, leading to reversal of resistance
to GCs [49]. Unfortunately, due to pan-NOTCH signal-
ing inhibition, various GSIs implemented in clinical trials
have had limited efficacy due to toxicities observed but
this remains an area of active study [50]. IL-7 receptor
pathway inhibitors have also been evaluated using differ-
ent agents such as the JAK1/2 inhibitor ruxolitinib which
alters the balance between proapoptotic and antiapoptotic
factors [51] and IL-7 receptor specific blockade with mon-
oclonal antibody to attenuate the dexamethasone-induced
increase of cell-surface IL-7 receptor and overcome IL-
7-induced dexamethasone resistance [52].

Glucocorticoid Side Effects

GCs are associated with many adverse effects including
bone toxicities, infection that can be lethal, hyperglycemia,
myopathy and neuropsychological issues and these effects
appear to be more pronounced with age, specifically adults
and children over the age of 10 in pediatric studies [53]
Table 1. It should also be accounted for that these effects
can occur years after cessation of therapy making mitiga-
tion of these effects even more pertinent.

Table 1 Glucocorticoid Side Effects

Bone Toxicities

The infrastructure of bone is a dichotomy of resorption and
formation, mediated by osteoclasts and osteoblasts, respec-
tively, necessitating a fine balance between the two. GCs
affect the function of mesenchymal stem cells, osteoblasts,
osteocytes and osteoclasts by interfering with various path-
ways resulting in increased bone resorption rather than for-
mation, eventual osteoporosis and increased fracture rates
[54]. The effect of GC treatment is described as biphasic
and characterized by early bone resorption followed by pro-
longed impairment of bone formation [55].

Patients with ALL have low bone mineral density (BMD)
values prior to even initiating any antineoplastic therapy,
and this is thought to be attributed to infiltration of the
bones by malignant cells in addition to other autocrine fac-
tors [56-59]. Risk factors for lower BMDs at time of ALL
diagnosis include younger age and lower weight [55]. A
prospective analysis of ALL patients revealed that BMD
deficits were already present in the first month of induction
chemotherapy despite normal range BMD values at the time
of diagnosis [60]. Furthermore, bone loss has been docu-
mented after the cessation of chemotherapy in cohorts of
adult survivors of treated pediatric ALL [61, 62].

BMD deficits and higher rate of fractures have been asso-
ciated with the administration of GCs in ALL treatment
regimens and this has been correlated with cumulative GC
dose and notably, these effects were observed with higher
incidence in dexamethasone when compared to prednisone
[56, 57, 63—65]. Furthermore, it has also been reported in
two cohorts of childhood ALL survivors that increased GC

Side Effect Risk Factors

Dexamethasone vs Prednisone

Low bone mineral density e Younger age

o Lower weight
Osteonecrosis o Age

e >10 years

o Higher risk in young (<30) vs older adults

e Female sex
e White race

Infection and Mortality

Hyperglycemia
e BMI
o Trisomy 21

o Prolonged and higher doses of glucocorticoid

o o Age (specifically >60 years in adults)

Higher incidence with dexamethasone

Higher incidence with dexamethasone
and dose dependent in age >10
years

Higher incidence with dexamethasone
especially in patients > 10 years

Variable study results

o Concomitant asparaginase type

Myopathy e Younger age

e Male Sex
Neuropsychological

e Female sex

o Older age at diagnosis with dexamethasone Younger age at
diagnosis with prednisone

Higher incidence with dexamethasone

Higher incidence with dexamethasone
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dose during chemotherapy negatively impacted femoral neck
bone mass [60, 64, 65].

A predominance of published data indicates an effect of
dexamethasone exposure on the incidence of osteonecro-
sis (ON) with associated risk factors of cumulative dose of
dexamethasone, age >10 years, female sex, and white race/
ethnicity [66—69]. The CCG reported an overall incidence of
ON of 14.2% in 893 patients >10 years of age versus 0.9%
(p=0.0001) in 516 younger patients [66]. The effect of age
on ON rates has been well described. In the ALL-BFM-95
study of 1951 patients, the incidence of ON was 8.9% in
patients >10 years of age and 0.2% in younger patients
(p=0.001) [70]. In the DFCI 00-01 study, 5-year cumula-
tive incidence of ON was significantly higher at 23% with
dexamethasone treatment vs. 4.7% (p=0.02) in those treated
with prednisone among patients 10—18 years of age, whereas
no difference was seen among patients 1-10 years of age
[13]. Additionally, it needs to be considered that the occur-
rence of ON extends to well beyond treatment cessation as
evidenced by Kadan-Lottick et al who illustrated a 20-year
cumulative incidence of ON 6.2 times of that reported by
their siblings among 9261 long-term cancer survivors in the
Childhood Cancer Survivor Study and relative risk was 2.7,
with higher incidence in those treated with dexamethasone
over prednisone [71]. The overall high incidence of aseptic
ON in the adolescent patient subgroup of AIEOP-BFM ALL
2000 [17] was comparable with the incidence reported in
other ALL trials, however, there was not an excess of aseptic
ON observed in the patients treated with dexamethasone.

Bone toxicities have been overall less studied in adults;
however, younger adults have been described to be at higher
risk than older adults regardless of implementing pediatric
inspired or traditional adult treatment protocols [72-74]. ON
has been described amongst the adult population and in gen-
eral some studies have shown higher incidence with female
sex and a possible protective effect of African ancestry [66,
68, 75].

Orthopedic toxicities among adolescents and young
adults were reviewed and reported amongst 367 patients
aged 15-50 years old treated on sequential DFCI ALL Con-
sortium trials [72]. 5-year cumulative incidence of ON and
bone fracture was reported at 17% (95% CI, 13-22) and 12%
(95% CI, 8-15), respectively. Amongst the group, patients
less than 30 years were at higher risk of ON with 5-year
cumulative incidence of 21% vs 8%; p=0.004. Addition-
ally, there was thought to be a pharmacokinetic drug inter-
action between pegaspargase and dexamethasone leading to
increased dexamethasone exposure and therefore impending
orthopedic toxicity given that patients treated more recently
on pegaspargase-based protocols were significantly more
likely to be diagnosed with ON compared with those treated
on earlier trials with native Escherichia coli asparaginase
(5-year cumulative incidence, 24% vs 5%; P < .001).

Infection and Mortality

Prolonged exposure to high-dose dexamethasone in conjunc-
tion with myelosuppressive therapy can cause severe infec-
tions and result in mortality. In the DFCI 91-01P protocol,
16 of 38 children evaluated had documented sepsis when
dexamethasone (6 mg/m2) was substituted for prednisone
(40 mg/m?2) [76], 4 of these patients died as a result. In
the ALL AIEOP/BFM 2000 study, the use of 10 mg/m2 of
dexamethasone was significantly associated with death dur-
ing induction, caused largely by severe bacterial and fungal
infections [14ee]. The cumulative incidence of death when
dexamethasone is used instead of prednisone was especially
high in patients > 10 years of age (4.5% vs. 2.4%, p=0.13)
resulting in a halt of randomization for patients > 10 years of
age and utilization of prednisone. The DFCI 00-01 protocol
showed a significantly higher incidence of infection with
dexamethasone (18.8%) verses prednisone (10.6%); p=0.03,
even though randomization was performed after remission-
induction therapy [13ee].

Hyperglycemia

Corticosteroid-induced hyperglycemia is a well-known side
effect profile of GCs in general and is often in need of miti-
gation during ALL treatment protocols given the propensity
to lead to other complications such as increased risk of bac-
terial, viral and fungal infections [77]. The mechanism by
which GCs induce hyperglycemia is thought to be by affect-
ing the pancreatic beta cell and decreasing insulin synthesis,
increasing insulin resistance, stimulating gluconeogenesis
and lipolysis, and enhancing counter-regulatory hormones
[78,79].

The prevalence of hyperglycemia amongst pediatric ALL
cases is variably reported in studies and over the historical
review of pediatric literature, prevalence reported in studies
has increased possibly owed to the increased use of dexa-
methasone over prednisone despite no evidence available
to differentiate hyperglycemic capacity between the two
GCs. As an example, in the CCG-11922 study, patients who
received dexamethasone had a significantly higher incidence
of reversible grade 3 or 4 hyperglycemia compared to those
who received prednisone (5% vs 1.5%; P=.001) [11ee].
Prevalence in pediatric literature is wide ranged depend-
ing on the study anywhere between 11% to 56% according
to literature review [77]. There have been fewer studies of
hyperglycemia in adults with ALL, however, the prevalence
has been reported to be 37% [77, 80].

Age is the only statistically significant risk factor reported
for GC-induced hyperglycemia [81, 82]. In the pediatric
population, this has been thought to be owed to puberty, a
time in which sex steroids and growth hormone surge, result-
ing in an increased insulin resistance and therefore altered
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glucose metabolism [83]. Amongst the adult population,
older age has also been correlated with the increased pro-
pensity for hyperglycemia induction, specifically age >60
years [80]. There are also potential risk factors which have
had variable statistical significance in the literature including
BMI (obesity), Trisomy 21 and concomitant asparaginase
type used [77].

Hyperglycemia-related complications in ALL are varia-
ble. Diabetic ketoacidosis (DKA) and hyperglycemic hyper-
osmolar state are complications that have been described in
adults with ALL and though not extensively studied in the
pediatric population, have been reported [84, 85]. Hyper-
glycemia is significantly associated with a higher risk of
infections (bacterial, fungal and viral) as well as febrile neu-
tropenia and there has been a proposed dose response effect
between severity of hyperglycemia and the risk for infection
[77, 81, 84].

Myopathy

Proximal myopathy is a complication of corticosteroid
therapy and has been reported in other oncological contexts
requiring continued GC use from which we can extrapo-
late [86]. Steroid myopathy incidence has been reviewed
amongst ALL patients receiving GC therapy such as in the
CCG-1922 study group where patients randomized to dexa-
methasone had a significantly greater prevalence of revers-
ible grade 1-3 steroid myopathy vs. those who received
prednisone (6.3% vs. 1.5%) and grade 3 weakness (4.1%
dexamethasone vs. 0.3% for prednisone, p=<0.0001) dur-
ing or immediately after induction therapy [11ee]. Amongst
this specific cohort, younger age and male sex were risk fac-
tors for development of severe weakness. In the MRC ALL
97/99 study, transient myopathy during induction therapy
was 2.8% in the dexamethasone arm and 0.5% in the predni-
solone arm (p=0.001) again reiterating higher toxicity with
dexamethasone and occurrence of this complication [12ee].
Almost all these patients had lower limb involvement, most
frequently of the quadriceps and/or glutei and recovery
occurred after induction.

Neuropsychological Effects

As previously described, given the superior CNS penetra-
tion of dexamethasone, its effect on neuropsychological out-
comes is significant in terms of quality-of-life. The entity of
“steroid psychosis” has been well established and discussed
as a general side effect of GC therapy [87, 88]. In the MRC
ALL 97/99 study, dexamethasone as compared to prednisone
was associated with more frequent abnormal behavior and
appeared to manifest more often as depression in females
and aggression towards self or others in males. There was
also observed overall emotional lability and mood swings
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in general more pronounced with dexamethasone than
prednisone [12ee]. There are also some historical studies
alluding to possible effects on neurocognitive function and
academic performance in ALL patients exposed to GCs but
the results for this have overall lead to the conclusion that
there is no significant overall difference other than possibly
one-third of a standard deviation lower scoring on a test of
word reading [89, 90]. The relationship between specific GC
and neurocognitive outcomes is possibly influenced by age
at diagnosis and sex, with older age at diagnosis and use of
dexamethasone being associated with worse IQ, processing
speed, spelling, and reading while younger age at diagnosis
with prednisone is associated with worse functioning [90].
Female sex has also been associated with worse processing
speed for patients who received prednisone, but not for other
areas of neurocognitive functioning [90].

Conclusions and Future Directions

It is clear that GCs have been and will continue to be an
absolutely central component to the successful treatment
of ALL across the age spectrum. The culmination of data
which we continue to rely on has tailored to the selective use
of either dexamethasone or prednisone specifically depend-
ing on age, and this breaks down beyond just pediatric and
adult spaces with selective use of dexamethasone in pedi-
atric patients <10 years of age and prednisone above age
10 based on the cumulative results of the hallmark historic
studies reviewed given observed side effect profiles, long
and short term effects and of course, differences in outcomes
[11ee 120 ]3ee ]4ee] In the adult realm, age adapted
steroid dosing has been a recent endeavor with substitution
of dexamethasone for prednisone in the original C10403
protocol which historically implemented prednisone day
1-28 [91]. Although this modification was instigated given
a predominance of CNS relapse observed, hyperglycemia
appeared to be the main toxicity that could be attributed to
GC, while the remaining side effect profile appeared to be
more related to asparaginase. It should be considered that
the purpose of the study was not specifically to mitigate or
evaluate GC toxicity but gives a glimpse to possible future
directions of GC implementation and optimization of effi-
cacy with less toxicity.

As discussed, steroid resistance in and of itself has been
shown to confer poor prognosis and outcomes in ALL (18-
20) and future directions of ALL therapy could perhaps
concentrate on intensifying and enhancing GC efficacy
and overcoming resistance by targeting specific players in
the GC/GCR signaling pathways shown to be vital in this
respect. As just one example, the BCL-2 protein family has
been identified as a critical mediator of GC-induced apop-
tosis and proteasomal degradation of the GCR has also been
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Fig. 1 Agents Used in Gluco-
corticoid Resistance. Signaling
pathways including downstream
JAK/STAT, PI3K/AKT/mTOR,
and MAPK-ERK have been
identified in glucocorticoid
resistance and have been shown
to be induced by activation of
the the IL-7 signaling pathway.
Agents capable of blocking
signaling pathways involved

in the ALL glucocorticoid

resistance including Idelalisib, |

Selumetinib
Trametinib
Binimetinib

Pictilisib and Buparlisib (PI3
kinase inhibition), ruxolitinib
(JAK 1/2 inhibition), and
Selumetinib, Trametinib and
Binimetinib (MAPK inhibition)
have been explored

[MAPK/ERK Signaling Pathway]

implicated in resistance to GC treatment [29-31]. Veneto-
clax, a BCL-2 inhibitor, has been gaining interest in the
treatment armamentarium of ALL given multiple studies
demonstrating efficacy across the phenotypic spectrum,
including T-cell and early T-cell progenitor (ETP) ALL,
often showing resistance to the first 7 days of GC treat-
ment [46-48, 92-98]. Multiple signaling pathways have
been identified in GC resistance and have been shown to
be induced by activation of the IL-7 signaling pathway,
including downstream JAK/STAT, PI3K/AKT/mTOR, and
MAPK-ERK signaling pathways [38]. As such, many agents
capable of blocking signaling pathways involved in the
ALL glucocorticoid resistance have already been explored,
including Idelalisib, Pictilisib and Buparlisib (PI3 kinase
inhibition), ruxolitinib (JAK 1/2 inhibition), and Selu-
metinib, Trametinib and Binimetinib (MAPK inhibition)
underscoring the significantly fertile ground to implement
targeted therapies to allow for continued optimization of
GC use in the treatment of ALL which remains to be further
explored [99-112] Fig. 1.

The toxicity profile of GCs has been intensely studied in
multiple arenas of medical practice given the large breadth
of efficacy across disease states and specialties. In the case
of ALL, there is no question that despite their short and
long-term effects, GCs are here to stay. Obesity is already
prevalent in the ALL population and there is association
between obesity, insulin resistance, metabolic syndrome and
chemotherapy resistance in ALL, all of which are exacer-
bated by GC use [113, 114]. Obesity is also associated with
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increased risk of relapse as well as poor survival likely from
metabolic effects that promote survival of leukemia cells
[115]. Glucagon-like peptide-1 (GLP-1) analogues and other
obesity interventions are gaining significant attention in the
obesity epidemic [116, 117] and could perhaps also be an
added area of exploration for ways to overcome the adverse
effects of GC use that is vital to ALL therapy.
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