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ABSTRACT

Glucocorticoids, including dexamethasone and prednisone, are key components of B-lymphoblastic
leukemia (B-ALL) therapy that work through the glucocorticoid receptor (GR). However, glucocorticoids
are not effective for all patients, leading to poor outcomes, and their use is hampered by undesirable
toxic effects. We have shown that inhibition of PIK3§, the leukocyte-restricted delta isoform of the
catalytic subunit of phosphoinositide 3-kinase, is a promising way to specifically enhance the effect of
glucocorticoids in B-ALL, with the potential to improve outcomes without increasing toxicities. Here, we
show that the PI3K6 inhibitor idelalisib potentiates both prednisolone and dexamethasone in B-ALL cell
lines and most primary patient specimens, particularly at sub-saturating doses of glucocorticoids.
Potentiation is due, in part, to global enhancement of glucocorticoid-induced gene regulation, including
of effector genes that drive B-ALL cell death. Idelalisib reduces phosphorylation of GR at S203 and S226,
and ablation of these phospho-acceptor sites enhances glucocorticoid potency. We further show that
phosphorylation of $S226 reduces the affinity of GR for DNA in vitro. We therefore propose a model that
PI3K& inhibition improves glucocorticoid efficacy in B-ALL in part by decreasing GR phosphorylation and
enhancing DNA binding and downstream gene regulation. These studies provide a pre-clinical and
mechanistic rationale for tissue-specific enhancement of glucocorticoid potency in B-ALL and support
the clinical application of PI3K& inhibitors in combination with glucocorticoids for treatment of B-ALL.

INTRODUCTION

Glucocorticoids, including dexamethasone and prednisone, are the cornerstone of chemotherapy
regimens for B-lymphoblastic leukemia (B-ALL), the most common childhood cancer®. Because response
to glucocorticoid therapy alone predicts overall outcomes for patients with B-ALL> 3, enhancing GR
activity remains an attractive mechanism to improve outcomes. Glucocorticoids work through the
glucocorticoid receptor (GR), a ligand-activated transcription factor that regulates genes inducing B-ALL
cell death. Regulation of apoptotic gene programs, including suppression of BCL2 and enhancement of
BCL2L11*°, and suppression of B-cell developmental genes® are both important for glucocorticoid
response. Due to serious short- and long-term toxicities, the use of more potent or higher dose
glucocorticoids is not possible’®. Tissue-specific enhancement of GR activity could lead to better
outcomes in patients with less glucocorticoid sensitive B-ALL without increasing the accompanying off-
tumor effects and may allow reduced glucocorticoid doses. We therefore sought to enhance
glucocorticoid activity, particularly of prednisone, which is better tolerated than dexamethasone, by
targeting B-ALL-restricted proteins.

Among the most promising is PI3K& (PIK3CD), a key component of the B-cell receptor (BCR) and
interleukin-7 receptor (IL-7R) pathways, which we identified using functional genomics® 1°. PI3K&
activates multiple pathways, including RAS/MAPK, impairing glucocorticoid-induced cell death in B-ALL.
The leukocyte-restricted expression of PI3K6! makes it an appealing target to enhance glucocorticoid
potency in B-ALL without increasing off-tumor effects. The combination of idelalisib, a PI3K& inhibitor,
and dexamethasone synergistically induces B-ALL cell death. However, these studies were performed in
in a limited number of specimens® making it unclear whether idelalisib and glucocorticoids, including
prednisone, would be synergistic in most patients.

Our previous data suggested that idelalisib potentiates glucocorticoid activity by enhancing regulation of
select genes®. We identified a set of effector genes, regulated by glucocorticoids, that contribute to
glucocorticoid-induced cell death. Idelalisib enhanced regulation of only some effector genes, with
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differing effects in three B-ALL cell lines. A systematic analysis of idelalisib’s effect on glucocorticoid
gene regulation in primary specimens would elucidate how idelalisib potentiates glucocorticoid activity.

The potentiation of glucocorticoids by PI3K§ inhibition could be a result of blocking phosphorylation of
GR. Phosphorylation of GR by the BCR/RAS/MAPK pathway can modulate the receptor’s activity,
although the effect is cell-type and gene specific!?!*. Many kinases, including the terminal kinase in the
RAS/MAPK pathway, ERK2 (MAPK1), phosphorylate GR at multiple sites, including S203, S211 or S226*
13 and is associated with glucocorticoid resistance®®. Treatment of B-ALL cells with idelalisib is
accompanied by a decrease in phosphorylation of GR at S203°. However, it is unclear which sites of ERK2
phosphorylation directly affect GR activity in B-ALL.

Here we show that, as with dexamethasone®, idelalisib synergistically enhances prednisolone-induced
cell death in B-ALL cell lines and most primary patient specimens, particularly at concentrations near the
EC50 of dexamethasone and prednisolone. We show that this potentiation is the result of global
enhancement of glucocorticoid-induced gene regulation rather than select cell-death genes. Consistent
with this global effect, we show that phosphorylation of S226 decreases the affinity of GR for DNA,
suggesting that idelalisib enhances GR function in part by enhancing DNA binding.

METHODS
Cell viability assays

B-ALL cell lines (NALM6 and RS4;11) and NALM6 phospho-GR mutants (GR-S203A and GR-S226A) were
tested with combinations of prednisolone (Acros Organics, #449470250) and the PI3K§ inhibitor
idelalisib (Gilead). Viability was measured using PrestoBlue (ThermoFisher, A13262). Synergy was
evaluated using the Bliss synergy model in SynergyFinder 2.0,

Primary specimens from children with newly diagnosed or relapsed B-ALL were obtained after receiving
informed consent (University of lowa IRB protocol #201707711). Cells were isolated by Histopaque
density gradient separation.

NALM®6, SUP-B15, and RCH-ACV cells were tested with dexamethasone (Sigma, D4902-1g) in
combination with ERK1/2 inhibitor SCH772984 (SelleckChem, #57101).

Gene expression analysis of NALM6 cells and primary specimens

NALMG cells were treated with vehicle, dexamethasone (5 nM or 50 nM), idelalisib (250 nM), or
dexamethasone and idelalisib. Seven primary patient specimens (MAP010, MAP014, MAP015, MAPOQ16,
MAPQ19, MAP020, MAP031) were treated for 24 hours with vehicle, dexamethasone (25 or 50 nM),
prednisolone (25 or 50 nM), idelalisib (500 nM), combinations of dexamethasone and idelalisib, or
combinations of prednisolone and idelalisib. Sequencing data was processed using R/Bioconductor and
DESeq2! with RUVSeq®®. Code for the analysis is available in the supplemental file.

Protein expression and purification

The human GR AF1-DBD (27-506) polypeptide, containing most of the N-terminal AF1 region and the
DNA Binding Domain (DBD), was expressed and purified as described®®. ERK2 was expressed and purified
as described®.

Phosphorylation of GR-AF1-DBD and purification
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GR-AF1-DBD was phosphorylated with ERK2 (30 minutes at 30°C). GR-AF1-DBD phosphorylated species
were separated on a 5/5 MonoQ column (Cytiva) and run over a size exclusion column (Cytiva, Superdex
200).

Mass Spectrometry

GR-AF1-DBD +/- phosphorylation samples were reduced, alkylated, digested with trypsin, and purified
with C18 stage tips (Pierce, #87781)? 22, Peptides were separated by LC and analyzed on a QExactive HF
Orbitrap (ThermoFisher) mass spectrometer. Fully phosphorylated GR and singly phosphorylated GR
were compared to unmodified GR-AF1-DBD using Scaffold 5.1.2 (Proteome Software Inc.). Phospho-
fragment frequencies were compared to the control to determine the level of phosphorylation at each
site.

Electrophoretic Mobility Shift Assays (EMSA)

The dissociation constants for unmodified and phosphorylated GR-AF1-DBD fragments were measured
by EMSA as described®® using a consensus GR site (5’-GTACGGAACATCGTGTACTGTAC — 3').

Phospho-GR western blotting

NALMG cells were treated with vehicle, dexamethasone (5 nM or 1 uM), idelalisib 250 nM, or
dexamethasone plus idelalisib for 24 hours. Western blotting was performed as described® using GR-
S203P or GR-S226P rabbit polyclonal antibody (generously provided by the Garabedian Lab) or GR IA-1°.
Changes in GR phosphorylation were determined as the ratio of phospho-GR to total GR compared to
controls.

Phospho-GR mutants by CRISPR

Cas9-RNPs were transfected into cells by electroporation (SF Cell Line 4D-Nucleofector™ X Kit S (Lonza,
#V4XC-2032)). After 48-72 hours, editing efficiency was checked by T7EI digest (IDT, #1075931). Cells
were single-cell sorted (Becton Dickinson Aria Il) into 96 well plates. Positive clones were identified by
extracting genomic DNA, PCR amplifying the region, Sanger sequencing of control, experimental, and
reference PCR products, and analyzing by TIDER%.

Additional details are available in the supplement.
RESULTS
Inhibition of PI3Ké increases prednisolone sensitivity in B-ALL cell lines and primary patient specimens

To determine whether idelalisib synergizes with prednisolone to induce B-ALL cell death similar to
dexamethasone, we titrated both into two B-ALL cell lines (RS4;11, NALM®6) and measured viability.
RS4;11 cells were more sensitive to prednisolone (EC50 = 25 nM) than NALM6 cells (EC50 = 80 nM).
When combined with idelalisib, RS4;11 and NALMG6 cells exhibited additivity based on overall Bliss score
(RS4;11: 5.826 + 0.88; NALM®6: 3.055 + 0.56), but both were highly synergistic at some prednisolone
concentrations (peak Bliss score 23.30 for RS4;11; 23.79 for NALM6). The idelalisib concentration at
peak synergy is similar in both cell lines (~1.5 uM), but the prednisolone concentration is around half of
the EC50 (RS4;11 ~10 nM; NALM6 ~40 nM) (Figure 1A-B). This suggested that idelalisib is synergistic at
prednisolone concentrations near the EC50 and lower than peak clinical concentrations (~4.5 uM for 60
mg/m? prednisone dose).
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We then evaluated prednisolone/idelalisib synergy by testing 20 primary B-ALL specimens
(Supplemental Table 1). Most primary specimens were sensitive to prednisolone (EC50 = 6.5-71 nM).
Two specimens were less sensitive (MAP010: 105 nM; MAPQ21: 250 nM) and another (MAP020) was
resistant. We then compared the EC50 of each specimen to the viability of the specimen at the
maximum concentration of prednisolone (10 uM) (Supplemental Figure 1). Fourteen specimens had
<30% viability, with the majority (12/14) from patients with negative end of induction minimal residual
disease (MRD). Of the six specimens with >50% viability, four were MRD positive, one was MRD
negative, and one was unknown. Thus, consistent with the literature? ?*, we find that prednisolone
response correlates with patient response, particularly with respect to reduction in viability
(Supplemental Figure 1).

To account for both prednisolone EC50 and viability of each specimen, we calculated area under the
curve (AUC) and compared these to overall and peak Bliss scores. Although no correlation reached
statistical significance, a trend emerged with higher prednisolone AUC associated with lower overall and
peak Bliss scores (R =-0.34 and -0.37, respectively; Figure 1C). This suggests that lower glucocorticoid
sensitivity may be associated with increased idelalisib synergy.

We next sought to determine whether National Cancer Institute (NCI) risk grouping or cytogenetic
features correlated with synergy. An additive response of idelalisib with prednisolone was observed in
most (18/20) specimens based on overall Bliss score. Overall antagonism was evident in the two
remaining specimens with notable cytogenetic features — MAPO10 (overall Bliss score -10.6 + 1.1) with
near haploid cytogenetics, and MAP018 (overall Bliss score -15.4 + 2.4) with BCR::ABL1. Fourteen
specimens exhibited a peak synergistic area (Figure 1D-G, Supplemental Figure 2). As in the cell lines,
the peak synergistic area is near the prednisolone EC50 in all specimens except for three specimens with
>50% viability (MAP012, MAP020, MAP025) and the relapsed B-ALL specimen (MAP019). Unlike cell line
models, peak synergy in primary patient specimens does not occur at a consistent idelalisib
concentration. We were also able to treat seven specimens with dexamethasone in combination with
idelalisib, producing similar results (Supplemental Figure 3). Thus, synergy between idelalisib and
glucocorticoids was evident across NCl risk and cytogenetic groups, though not in every specimen.

PI3Ké inhibition induces global enhancement of glucocorticoid-induced gene regulation in NALM6 cells

To understand the mechanism of idelalisib-enhanced cell death, we measured changes in gene
regulation with dexamethasone and idelalisib in NALM6 cells by RNA-seq. We first identified
differentially regulated genes (adjp < 0.01) in response to low dexamethasone (5 nM, ~EC50), high
dexamethasone (50 nM), idelalisib (250 nM), and the combination of low and high dexamethasone with
idelalisib. Idelalisib induced up- and down-regulation of 418 genes (Figure 2A). Low dexamethasone
induced regulation of fewer genes (649) than high dexamethasone (3779). The combination caused a
greater than additive effect in the number of genes regulated, particularly with low dexamethasone
(2398 combination vs. 1067 separately) compared to high dexamethasone (4965 combination vs. 4197
separately). This indicates that the combination either induces regulation of new genes relative to either
drug alone or enhances dexamethasone-induced gene regulation.

To distinguish between these models, we performed linear regression on genes regulated by
dexamethasone plus idelalisib (Figure 2B-C). For genes regulated by low dexamethasone, idelalisib
significantly enhances both up-regulation (p = 5e°) and down-regulation (p = 1e”) with an average
enhancement of 18% (p < 2e*?). There is a more modest, but significant, effect of idelalisib with high
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dexamethasone (3%, p = 1.6e™). This supports the model that idelalisib better enhances gene regulation
at glucocorticoid concentrations closer to the EC50 than at high concentrations.

To determine whether adding idelalisib causes regulation of new genes, we incorporated an interaction
term in the differential gene expression model. Of 2398 genes regulated by low dexamethasone plus
idelalisib, only 18 exhibited a greater than additive effect. Of 4965 genes regulated by high
dexamethasone and idelalisib, 72 showed a greater than additive effect. This indicates that a minority of
genes are synergistically or newly regulated by the combination, which we evaluate below.

Idelalisib potentiates glucocorticoid-induced cell death by generally enhancing glucocorticoid gene
regulation

We first sought to determine whether idelalisib potentiates regulation of effector genes. We identify
effector genes by integrating gene regulation data with the results of two large-scale gene knockdown
screens in NALM-6 cells previously performed by our lab to identify genes impacting glucocorticoid-
mediated cell death® '° (Figure 2D, Supplemental Table 2). Positive effectors are genes that contribute
to dexamethasone-induced cell death (as measured in the screens) and are upregulated by
dexamethasone, thereby enhancing cell death. Negative effectors are genes which impair
dexamethasone-induced cell death but are down-regulated by dexamethasone, also enhancing cell
death. Our highest confidence effector genes are significant in both versions of the screen® % (p < 0.01).

As with most dexamethasone-regulated genes, idelalisib significantly enhances up- and down-regulation
of effector genes with low dexamethasone (19%, p = 0.007) but only sporadically enhances genes with
high dexamethasone (Figure 2E). Only LSS and MED13L were newly or synergistically regulated upon
addition of idelalisib. This indicates that the primary mechanism of glucocorticoid potentiation by
idelalisib is global enhancement of gene regulation.

PI3Ké inhibition enhances prednisolone-induced gene regulation in primary patient specimens

To test whether idelalisib enhances glucocorticoid potency by globally enhancing gene regulation in a
more clinically relevant context, we performed RNA-seq in seven freshly isolated primary B-ALL
specimens. Because the glucocorticoid sensitivity of each specimen was unknown at the time of
treatment, a relatively high standard dexamethasone concentration (25 or 50 nM) was used. The same
prednisolone concentration was used, which is 6-10-fold less potent than dexamethasone.
Dexamethasone regulated 1346 genes (adjp < 0.01), and prednisolone regulated fewer (99). Idelalisib
alone regulated only 7 genes and did not enhance the gene-regulating effects of dexamethasone or
prednisolone (Supplemental Figure 4). This is likely because two specimens (MAP010, MAP020) are
resistant to glucocorticoids (>50% viability at 10 uM prednisolone), exhibiting regulation of very few
genes (dexamethasone 41, prednisolone 8, adjp < 0.01).

We therefore tested whether idelalisib enhanced regulation in glucocorticoid-responsive specimens
(MAPO14, MAP0O15, MAP016, MAP019, MAPO031). In these specimens, dexamethasone induced
regulation of 1951 genes and prednisolone 146 genes (Figure 3A). Idelalisib alone only regulated 6
genes. These specimens showed enhanced gene regulation upon addition of idelalisib to prednisolone
(Figure 3B), similar to the combination of idelalisib and low dexamethasone in NALM6 cells. However,
idelalisib did not enhance gene regulation with dexamethasone (Supplemental Figure 4). Effector genes
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in these specimens also showed similar patterns of enhanced expression as NALM6 cells (Supplemental
Figure 5).

We then evaluated whether idelalisib better enhanced gene regulation in specimens that responded
synergistically (MAP0O15, MAP019) compared to those that responded additively (MAP014, MAPOQ31) at
the treatment concentrations. Counterintuitively, dexamethasone and prednisolone regulated more
genes in additive compared to synergistic specimens (dexamethasone 6195 vs. 4015; prednisolone 1447
vs. 1115; adjp < 0.01). Idelalisib alone regulated genes in additive specimens (298) but few in synergistic
specimens (10) (Figure 4A-B). When comparing glucocorticoid-regulated genes shared by both groups,
additive specimens demonstrated stronger gene regulation with dexamethasone, and to a lesser extent
with prednisolone, compared to synergistic specimens (Figure 4C-D). Because additive specimens were
also more sensitive to prednisolone based on viability (MAP014 13%, MAP0O31 8%) compared to
synergistic specimens (MAP015 25%, MAP019 27%), we hypothesized that synergistic specimens may be
more amenable to glucocorticoid potentiation than additive specimens.

To evaluate this model, we examined how the addition of idelalisib changed glucocorticoid regulation of
genes in the additive and synergistic specimens. Idelalisib did not enhance regulation of genes in either
the additive or synergistic specimens compared to dexamethasone alone (Figure 4E-F), consistent with
NALMB®6 high dexamethasone treatments. Counter to the model, idelalisib did enhance prednisolone
gene regulation in additive specimens (Figure 4G), but not in synergistic specimens (Figure 4H), possibly
due a stronger effect on gene regulation by idelalisib alone in additive specimens. We identified effector
genes in the additive and synergistic specimens, and none were specifically regulated in the synergistic
specimens to explain synergy (Supplemental Table 3). This lack of a clear pattern of enhanced gene
regulation in potentiated specimens may be because enhanced gene regulation appears to be highly
concentration dependent. Because we prioritized testing freshly isolated specimens, precluding
optimization of drug concentrations to achieve maximum synergy in each specimen, the doses used may
mask differences in enhancement in additive and synergistic specimens.

GR is phosphorylated by ERK2 at six sites, most prominently S226

To understand the mechanism of idelalisib-enhanced gene regulation, we examined how idelalisib
affects GR phosphorylation. We previously mapped MAPK1/ERK2, a key kinase in B-ALL
transformation?®, downstream of PI3K§ in the B-cell receptor pathway®. To test this, we measured
synergy between an ERK1/2 inhibitor (SCH772984) and dexamethasone in three B-ALL cell lines (NALM®,
SUP-B15, and RCH-ACV). The overall and peak Bliss scores were consistent with combination
dexamethasone and idelalisib (Supplemental Figures 6-8), supporting the model that ERK2 lies
downstream of PI3K&.

We then examined how direct phosphorylation of GR by ERK22® affects its activity. To identify relevant
sites of ERK2 phosphorylation on GR, we expressed and purified a fragment of GR composed of the N-
terminus and DNA binding domain (GR-AF1-DBD), which recapitulates the binding of full-length GR and
retains the most commonly phosphorylated sites, and phosphorylated it with ERK2. This resulted in a
hazy band shifted upward on an SDS-PAGE gel, indicating that GR-AF1-DBD was phosphorylated but as a
mixture of species. We separated the differently phosphorylated species using strong anion exchange
(MonoQ) into a high and low mobility species (Figure 5A). Interestingly, the highly phosphorylated form
of GR-AF1-DBD (GR-6P) eluted in the same volume as the unmodified GR-AF1-DBD over a size exclusion
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column, but the mono-phosphorylated form (GR-1P) eluted at a later volume. This indicates that GR-1P
adopts a more compact conformation than the unmodified or GR-6P species (Figure 5B).

Phosphopeptide mapping by mass spectrometry of GR-6P indicated that it is likely a mixture of species
with six predominant sites of phosphorylation (Figure 5C). Two sites (5203 and $226) were previously
reported as sites of ERK2 phosphorylation, but the others are rarely observed (545, S267, and T288) or
previously unreported (S148). The low mobility species was predominantly phosphorylated at a single
site - $226 (GR-1P).

We tested the effect of phosphorylation on GR activity by measuring the DNA-binding affinity by
electrophoretic mobility shift assay (EMSA) for a consensus GR site (5'-GTACGGAACATCGTGTACTGTAC —
3’). The affinity of GR-6P was modestly (50%) but significantly (p = 0.004) inhibited compared to the
unmodified GR. Surprisingly, GR-1P was both substantially (~¥3x) and significantly (p < 0.0001) inhibited
compared to unmodified and GR-6P (Figure 5D). This indicates that phosphorylation of GR by ERK2 not
only inhibits GR binding to DNA, but the pattern of phosphorylation can have an important effect, with
S226 phosphorylation as a key modification for directly regulating GR affinity.

Blocking phosphorylation of GR S203 or S226 increases glucocorticoid sensitivity and contributes to
idelalisib-induced glucocorticoid potentiation

To validate the importance of GR phosphorylation, we tested the effect of idelalisib on $S226
phosphorylation in NALM®6 cells (Figure 6A). Similar to previous studies showing that idelalisib reduced
5203 phosphorylation with high (1 uM) dexamethasone®, idelalisib significantly reduced 5226
phosphorylation, but only with idelalisib alone (p = 0.01) (Figure 6B). This indicates that idelalisib
reduces phosphorylation of GR at both S203 and S226 but in different ways.

To test the importance of both S226 and S203, which have been shown in other systems to inhibit GR
function when phosphorylated?” 28, we generated phospho-acceptor mutants (GR-S203A and GR-S226A)
in NALM6 cell lines using CRISPR. Blocking phosphorylation at S203 (Figure 6C) and $S226 (Figure 6D)
increased the sensitivity of NALM6 cells to prednisolone (EC50s: wild-type ~80 nM, GR-S203A ~70 nM,
GR-S226A ~60 nM), indicating that phosphorylation at either site attenuates GR activity.

Interestingly, when treated with idelalisib and prednisolone, the GR-S203A clones had similar overall
Bliss scores to wild-type NALMG6 cells, but peak Bliss scores shifted towards lower idelalisib
concentrations (Figure 6E). The GR-S226A clones showed decreased overall Bliss scores compared to
wild-type NALMG cells, but peak Bliss scores remained at similar idelalisib concentrations (Figure 6F).
This suggests that 5203 and S226 both contribute to glucocorticoid potentiation with differing and
incomplete effects, indicating that other PI3K6 targets also impact idelalisib-induced glucocorticoid
potentiation.

DISCUSSION

Our previous work® identified PI3K§ inhibition as a promising strategy for glucocorticoid potentiation in
B-ALL for two main reasons: 1) small molecule inhibitors against PI3K& are available, and 2) PIK3CD
expression is restricted to leukocytes, which could restrict glucocorticoid potentiation to these cells. In
this work, we show that PI3K6 inhibition using idelalisib potentiates both dexamethasone and
prednisolone. This could be particularly beneficial for patients with high-risk B-ALL who receive
prednisone due to excess toxicity with dexamethasone? and are more prone to relapse.
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Our data indicates that idelalisib augments the potency of glucocorticoids in B-ALL and is most
synergistic near the glucocorticoid EC50. PI3K6 inhibition with idelalisib directly enhances the gene-
regulatory function of GR, in part by reducing phosphorylation at S203 and S226. Each of these sites has
an impact on glucocorticoid sensitivity, with increased sensitivity to prednisolone in both GR-S203A and
GR-S226A cells. This is consistent with other studies showing that S203 phosphorylation inhibits GR
function?” 2 and S226 phosphorylation inhibits activation of transcription with glucocorticoids®®. Here
we link S226 phosphorylation to inhibition of DNA binding, attenuating the regulation of most GR-
regulated genes (Figure 7).

Because synergy with idelalisib remains in GR-S203A or GR-S226A cells, other phosphorylation sites on
GR may contribute. Here we identify 6 sites of ERK2 phosphorylation on GR, including one (S148) that
has not been reported to be phosphorylated by any kinase. Testing each site individually and in
combination is now feasible using CRISPR. Combination phospho-acceptor mutants could be developed
to assess the importance of the pattern of GR phosphorylation, as synergy could depend on blocking
phosphorylation of multiple sites simultaneously or in sequence. However, isolation of homogenously
phosphorylated species is more challenging, likely preventing in vitro study of other GR phosphoforms
and highlighting the novelty of our work on $226.

Non-GR targets of ERK2 may also influence synergy. ERK2 phosphorylates hundreds of other proteins®,
including effectors in the BCL2 apoptosis pathway3! and PAX532. Our functional genomic studies enabled
us to scrutinize NALMG cells, revealing that ERK2 likely impacts glucocorticoid-regulated, BCL2-driven
apoptosis differently. For example, BMF is more up-regulated and contributes more strongly to
glucocorticoid-induced apoptosis in NALM6 cells than BCL2L11, which is favored in other backgrounds. A
more systematic evaluation of other ERK2 targets in different B-ALL backgrounds is necessary to identify
specific sources of synergy.

PI3K& inhibition may also have effects separate from ERK2. For example, the PI3K/AKT pathway
phosphorylates and inhibits FOXO transcription factors, which also regulate apoptotic and anti-
proliferative genes in B-cells**3°, Blocking PI3K& with idelalisib does regulate apoptosis genes (e.g.,
BCL2), but glucocorticoids regulate apoptosis genes as well, making this function of PI3K& inhibition
difficult to disentangle. However, idelalisib on its own regulates 60 genes in NALM®6 cells, including B cell
development (RAG1, VPREB3) and cell cycle (E2F1/2) genes that may be downstream of FOXO
transcription factors and contribute to cell death. Additionally, idelalisib may affect non-genomic
functions of GR. GR has been shown to translocate to the mitochondria in other systems*®3, including in
thymocytes, where this translocation is associated with glucocorticoid sensitivity*>*!. Further study of
the effects of idelalisib on these pathways is needed to determine whether they contribute to synergy.

These findings provide a rationale for the therapeutic use of PI3K& inhibitors in combination with
glucocorticoids for patients with B-ALL. First, targeting glucocorticoid potentiation to B-ALL cells through
the leukocyte-restricted PI3K& will likely not increase off-tumor effects. Second, the combination can be
highly synergistic in patients with less glucocorticoid sensitive disease and poorer outcomes® 4> 43, For
these patients, PI3K& inhibitors could be added to glucocorticoid therapy after the initial glucocorticoid
response and cytogenetics are known. Third, because the combination is most synergistic as the
glucocorticoid concentration approaches the EC50, glucocorticoid efficacy might be maintained over a
longer period while the glucocorticoid is metabolized. Lastly, specific enhancement of glucocorticoid
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potency opens the door to dose reduction in glucocorticoid-sensitive B-ALL, reducing the impact of
debilitating off-tumor effects of glucocorticoids.
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Figure 1. Prednisolone and idelalisib synergistically induce cell death in B-ALL cell lines and primary
patient specimens in vitro. Evaluation of synergy in (A) NALMG6 cells and (B) RS4;11 cells treated with
the combination of prednisolone and idelalisib. A Bliss score greater than 10 indicates synergy, 10 to -10
indicates additivity, and less than -10 indicates antagonism. Overall score is at the top of each plot, and
the peak Bliss score from the black outlined area is given in the box at the top right corner of each plot.
Horizontal dashed line indicates the EC50 for prednisolone. (C) Correlations (Pearson coefficient R) of
prednisolone AUC for patient specimens, NALM®6, and RS4;11 cells with overall Bliss score (left) and peak
Bliss score (right) demonstrate a trend toward decreased prednisolone sensitivity correlating with
increased synergy with idelalisib, although neither has a p < 0.05. (D-G) Overall (black bars) and peak
(pink bars) Bliss scores for the combination treatment of prednisolone plus idelalisib in; (D) NCI standard
risk specimens, (E) NCI high risk specimens, (F) infant specimens, and (G) a relapsed specimen do not
reveal an association between synergy and risk grouping or cytogenetic features. Cytogenetic features
of these specimens are favorable/fav (ETV6::RUNX1 or double trisomy), unfavorable/unfav (KMT2A
rearrangement, iAMP21, or hypodiploidy), Ph-like (P2RY8::CRLF2), or neutral (all other cytogenetic
features).

Figure 2. Idelalisib enhances dexamethasone regulation of effector genes in NALM6 cells. (A) The
numbers of genes up- and down-regulated (p < 0.01) for NALMG6 cells treated with combinations of
dexamethasone (dex) and idelalisib (idela) for 24 hours. (B) The log2 fold change in genes regulated by 5
nM dexamethasone is enhanced by idelalisib (left), whereas the enhancement by idelalisib at 50 nM
dexamethasone is less pronounced for most genes. The linear regression fit is a black line compared to
the red line which would be no effect. (C) Box plots of up-regulation (left) and down-regulation (right) by
5 nM dexamethasone show significantly enhanced regulation by the addition of idelalisib. (D) Plot of the
effect of each gene on dex-sensitivity (x-axis) versus regulation by 50 nM dexamethasone (y-axis).
Positive effector (purple) and negative effector (green) genes are those whose regulation contributes to
dex-induced NALMB®6 cell death, whereas buffering genes (yellow) oppose dex-induced cell death. (E) The
log2 fold change of effector genes in response to combinations of dexamethasone and idelalisib. In 2B
and 2C, R = Pearson Correlation coefficient. The concentration of idelalisib used in all the experiments
was 250 nM.

Figure 3. Idelalisib enhances prednisolone-induced gene regulation in glucocorticoid-sensitive primary
patient specimens. (A) Overall number of genes upregulated (red) and downregulated (blue) in five
glucocorticoid-sensitive primary patient specimens treated with idelalisib only (idela), prednisolone only
(pred), prednisolone + idelalisib (pred+idela), dexamethasone only (dex), or dexamethasone + idelalisib
(dex+idela). (B) Comparison of gene expression with prednisolone (x-axis) versus prednisolone +
idelalisib (y-axis) in glucocorticoid-sensitive specimens. Pearson correlation and regression equations are
reported.

Figure 4. Idelalisib enhances prednisolone-induced gene regulation in primary patient specimens with
additive responses to combination glucocorticoid and idelalisib treatment. (A-B) Overall number of
genes regulated in (A) two primary patient specimens with an additive response (MAP014 Bliss score 3
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and MAPO31 Bliss score -5) and (B) two primary patient specimens with a synergistic response (MAPQO15
Bliss score 22 and MAPQ19 Bliss score 14) to combination pred+idela treatment in viability assays at the
concentrations used for RNA-seq. (C-D) Comparison of gene expression with (C) dexamethasone only or
(D) prednisolone only in primary patient specimens with additive (x-axis) vs. synergistic (y-axis)
responses to pred+idela treatment in viability assays. (E-F) Comparison of gene expression with
dexamethasone only (x-axis) versus dexamethasone plus idelalisib (y-axis) in (E) primary patient
specimens with an additive response or (F) with a synergistic response to pred+idela treatment in
viability assays. (G-H) Comparison of gene expression with prednisolone only (x-axis) versus
prednisolone plus idelalisib (y-axis) in (G) primary patient specimens with an additive response or (H)
with a synergistic response to pred+idela treatment in viability assays. For all scatterplots, Pearson
correlation and regression equations are reported.

Figure 5. Phosphorylation of GR at $226 inhibits DNA binding. (A) Purified GR-AF1-DBD was expressed
and phosphorylated with ERK2. Phosphorylated species of GR-AF1-DBD were separated by strong anion
exchange, isolating species with primarily one (1P) and six (6P) phosphates. (B) Size exclusion
chromatography indicated that unmodified GR (black) eluted at a lower volume than two independent
samples of GR-AF1-DBD-1P (blue, green). (C) Mass spectrometry of phosphorylated GR-AF1-DBD-6P
maps phosphorylation at six residues after ERK2 phosphorylation and isolation of GR-6P, including S203,
with $226 being the most prevalent. (D) Unmodified GR-AF1-DBD binds with higher affinity than 6P, but
when GR-1P (S226P) binding is more strongly inhibited. Dissociation constants (Kp) were measured by
electrophoretic mobility shift assays. Adjusted p-values for one-way ANOVA are 0.0036 (***) and
<0.0001 (****),

Figure 6. Decreased phosphorylation of GR at S203 or $226 increases glucocorticoid sensitivity. (A)
Bands from western blots illustrating phosphorylated $S226 of GR in NALM6 cells treated with vehicle,
dexamethasone (Dex) only, idelalisib (Idela) only, and dexamethasone with idelalisib (Dex+ldela) for 24
hours. Both low dose dexamethasone (5 nM, left) and high dose dexamethasone (1 uM, right) were
used. (B) Quantification of the ratio of phosphorylated S226 to total GR normalized to vehicle control.
Phosphorylation of S226 is significantly reduced with both 1 uM Dex (p = 0.02) and 250 nM Idela (p =
0.01) compared to a theoretical mean of 1. (C) EC50 of prednisolone for CRISPR mutants with GR S203A
compared to wild-type (WT) NALMG6 cells. Welch’s t test p = 0.0010 (**). (D) EC50 of prednisolone for
CRISPR mutants with GR S226A compared to wild-type (WT) NALM®6 cells. Welch’s t test p = 0.0111 (*).
(E-F) Representative Bliss synergy plots for (E) NALM6 GR S203A cells tested with prednisolone and
idelalisib and (F) NALM6 GR S226A cells tested with prednisolone and idelalisib. The peak Bliss score
area is outlined by the black rectangle on each synergy plot, with that score given in the box to the right.
The EC50 of prednisolone for each CRISPR mutant is indicated by the horizontal dashed line,
demonstrating that peak synergy occurs around the prednisolone EC50. The S203A mutation appears to
shift the peak synergy to a lower dose of idelalisib while the S226A mutation decreases the overall Bliss
synergy score in comparison to wild-type NALMG6 cells.
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Figure 7. Proposed model of idelalisib-induced glucocorticoid potentiation. Created with
BioRender.com. BCR = B-cell receptor. IL7R = Interleukin 7 receptor. GR = glucocorticoid receptor. GC =
glucocorticoid.
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