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ACUTE LYMPHOBLASTIC LEUKEMIA

Preclinical efficacy of azacitidine and venetoclax for infant
KMT2A-rearranged acute lymphoblastic leukemia reveals
a new therapeutic strategy

Laurence C. Cheung 123 Carlos Aya—BoniIIa1’4, Mark N. Cruickshank ®?, Sung K. Chiu ' Vincent Kuek(®'?*, Denise Anderson’,
Grace-Alyssa Chua', Sajla Singh’, Joyce Oommen', Emanuela Ferrari', Anastasia M. Hughes’, Jette Ford', Elena Kunold®,

Maria C. Hesselman (°, Frederik Post(®?®, Kelly E. Faulk®, Erin H. Breese’?, Erin M. Guest(®?, Patrick A. Brown °, Mignon L. Loh™",
Richard B. Lock'?, Ursula R. Kees'* Rozbeh Jafari(®?>, Sébastien Malinge 4 and Rishi S. Kotecha @) '2+3>
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Infants with KMT2A-rearranged B-cell acute lymphoblastic leukemia (ALL) have a dismal prognosis. Survival outcomes have
remained static in recent decades despite treatment intensification and novel therapies are urgently required. KMT2A-rearranged
infant ALL cells are characterized by an abundance of promoter hypermethylation and exhibit high BCL-2 expression, highlighting
potential for therapeutic targeting. Here, we show that hypomethylating agents exhibit in vitro additivity when combined with
most conventional chemotherapeutic agents. However, in a subset of samples an antagonistic effect was seen between several
agents. This was most evident when hypomethylating agents were combined with methotrexate, with upregulation of ATP-binding
cassette transporters identified as a potential mechanism. Single agent treatment with azacitidine and decitabine significantly
prolonged in vivo survival in KMT2A-rearranged infant ALL xenografts. Treatment of KMT2A-rearranged infant ALL cell lines with
azacitidine and decitabine led to differential genome-wide DNA methylation, changes in gene expression and thermal proteome
profiling revealed the target protein-binding landscape of these agents. The selective BCL-2 inhibitor, venetoclax, exhibited in vitro
additivity in combination with hypomethylating or conventional chemotherapeutic agents. The addition of venetoclax to
azacitidine resulted in a significant in vivo survival advantage indicating the therapeutic potential of this combination to improve
outcome for infants with KMT2A-rearranged ALL.

Leukemia; https://doi.org/10.1038/s41375-022-01746-3

INTRODUCTION KMT2A-rearranged infant ALL cells are characterized by an

Treatment for childhood B-cell acute lymphoblastic leukemia (ALL)
has evolved over the last 70 years, leading to 5-year overall survival
rates of over 90% [1]. However, infants diagnosed at less than one
year of age constitute a subgroup with significantly inferior
outcomes [2, 3]. The KMT2A-rearrangement is an aggressive driver
present in ALL cells of up to 80% of infants and is associated with
chemo-resistance and high rates of relapse. Coupled with the
increased vulnerability of infants to treatment-related toxicity,
5-year event-free survival (EFS) remains less than 40% [4]. Novel
therapeutic strategies are urgently required to improve outcomes.

abundance of promoter hypermethylation which, in the classical
model of methylation, can lead to silencing of genes, including
tumor suppressor genes [5-7]. High BCL-2 expression has also been
identified in KMT2A-rearranged ALL [8-10], and the KMT2A-AFF1
fusion has been shown to upregulate BCL-2 expression by
promoting DOT1L-mediated H3K79 methylation at the BCL-2 locus
[10]. BCL-2 family proteins regulate the intrinsic apoptotic pathway
by integrating diverse pro-survival or pro-apoptotic intracellular
signals, with BCL-2 a key anti-apoptotic regulator within this
pathway. Hypomethylating agents have been successfully used in
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combination with the BCL-2 inhibitor, venetoclax, for the treatment
of patients with acute myeloid leukemia (AML) [11, 12]. In the
current study we sought to investigate the efficacy of hypomethy-
lating agents and of venetoclax for infant ALL. We discovered that
azacitidine and decitabine were highly effective in our infant KMT2A-
rearranged preclinical models, supporting the rationale for investi-
gation of azacitidine in the Children’s Oncology Group (COG)
AALL15P1 pilot study for infants with KMT2A-rearranged ALL
(NCT02828358). Venetoclax was shown to enhance the efficacy of
azacitidine in KMT2A-rearranged infant ALL xenografts, highlighting
the therapeutic potential of this combination for infants with KMT2A-
rearranged ALL.

MATERIALS AND METHODS

Assessment of in vitro sensitivity and synergy

All in vitro sensitivity and synergy experiments were performed on an
extensively characterized panel of eight patient-derived KMT2A-rearranged
infant ALL cell lines (PER cell lines) [13, 14], two commercially available
KMT2A-rearranged infant ALL cell lines (ALL-PO and KOPN-8), and cells
from four KMT2A-rearranged infant ALL patient-derived xenografts (MLL-5,
MLL-7, MLL-14, and LR-iALL2) [15, 16]. Assessment of in vitro sensitivity to
azacitidine, decitabine, zebularine (Selleck Chemicals) and venetoclax
(Active Biochem) and their synergy with each of the nine conventional
chemotherapy agents used to treat infants with ALL, and synergy of each
of the hypomethylating agents with venetoclax was performed as
previously described [13]. In vitro drug combination studies were analyzed
using SynergyFinder 2.0 [17]. Western blots were performed to detect
DNMT1 levels following incubation with azacitidine and decitabine.
Apoptosis and necrosis assays were performed using the RealTime-Glo™
Annexin V Apoptosis and Necrosis kit (Promega) according to the
manufacturer’s instructions (Supplementary Methods).

Assessment of in vivo efficacy

In vivo experiments were performed using five xenograft models (PER-785,
MLL-5, MLL-7, MLL-14 and LR-iALL2) [15, 16, 18], to determine the
maximum tolerated dose (MTD) of azacitidine and decitabine, response to
single agent drug treatment by EFS, and efficacy of azacitidine in
combination with venetoclax (Supplementary Methods).

Differential DNA methylation and transcriptomic profiling

Six cell lines were used for comparison of genome-wide DNA methylation
and gene expression profiling following treatment with each hypomethy-
lating agent in comparison to untreated control (Supplementary Methods).
DNA methylation assays were performed using the Infinium Methylatio-
nEPIC BeadChip (lllumina) as per manufacturer’s instructions by the
Australian Genome Research Facility. Following quality control checks,
773,929 probes were taken forward for downstream analyses (Supple-
mentary Methods). Stranded poly A RNA sequencing was performed using
a NovaSeq 6000 (lllumina) as per manufacturer’s instructions by the
Australian Genome Research Facility. Raw sequencing reads were
subjected to demultiplexing, quality control, trimming, alignment (hg38
human genome assembly), and transcriptome assembly. Differential
expression analysis was performed using the edgeR package and raw
counts were normalized using the trimmed mean of M-values method
(Supplementary Methods).

Gene expression analysis

Transcript abundance of candidate genes following treatment with
azacitidine and decitabine was validated in triplicate by real-time
quantitative polymerase chain reaction (PCR) in comparison to untreated
control (Supplementary Methods). Relative gene expression quantification
was performed using the 27227 method and fold change ratios were
determined by log, transformation of such values [19].

Thermal proteome profiling

Thermal proteome profiling (TPP) over a temperature range was
performed with minor modifications to previously described, using the
ALL-PO cell line [20]. Online liquid chromatography tandem mass
spectrometry was performed using a Dionex UltiMate™ 3000 RSLCnano
System coupled to a Q-Exactive-HF mass spectrometer (Thermo Fisher
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Scientific) [20]. Analyses of the acquired mass spectrometry TPP data for
the identification of the drug targets was performed as previously
described (Supplementary Methods) [21, 22]. Cellular thermal shift assay
(CETSA) temperature range and dose response time course experiments
using western blotting readout were used to validate target engagement
(Supplementary Methods).

RESULTS

Effects of hypomethylating agents in vitro and in combination
with conventional chemotherapeutic agents

To identify the in vitro effect of hypomethylating agents for
KMT2A-rearranged infant ALL, we individually tested azacitidine,
decitabine and zebularine against a representative panel of 14
cellular models. Half maximum inhibitory concentration (ICs)
ranged between 6.1-74.0 uM for azacitidine and 3.8-49.3 uM for
decitabine-sensitive models, with resistance (>100 uM) demon-
strated in the majority of models for zebularine (Supplementary
Table 1). Azacitidine and decitabine induced apoptosis followed
by necrosis at the IC5o for each cellular model (Supplementary
Figs. 1-2). Expression of DNMT1 was significantly reduced after
treatment with low dose (1.5uM) azacitidine and decitabine
(Supplementary Fig. 3). These findings are consistent with the
knowledge that hypomethylating agents cause cell death at high
concentrations whereas DNA hypomethylation is more effective
with low concentrations [23]. Combination drug testing for each
hypomethylating agent generally indicated an additive effect with
most of the conventionally used chemotherapeutic agents.
However, in a subset of samples an antagonistic effect was seen
between several agents. This was most evident when hypomethy-
lating agents were combined with methotrexate (Table 1,
Supplementary Table 2, Supplementary Figs. 4-5). Further
investigation of this finding identified that treatment with
hypomethylating agents led to an increased expression of several
ATP-binding cassette transporters (Fig. 1).

Azacitidine and decitabine exhibit marked in vivo efficacy in
KMT2A-rearranged infant ALL xenografts

We next determined the efficacy of azacitidine and decitabine
in vivo. The MTD of azacitidine was established as 5.0 mg/kg and
the MTD of decitabine as 0.5mg/kg in the PER-785 xenograft.
Leukemia-bearing mice receiving 8.0 mg/kg of azacitidine were
euthanized early, on day 5 of therapy, due to excessive morbidity,
including anorexia, weight loss and lack of vigor. Decitabine was
well tolerated at all dose levels. A significant survival benefit was
seen in all five xenograft models treated at low disease burden
with azacitidine at both 2.5mg/kg and 5.0 mg/kg and with
decitabine at 0.5 mg/kg (Fig. 2). A dose-dependent extension of
survival was seen for azacitidine treated mice, with the 5.0 mg/kg
treated groups exhibiting significantly longer survival compared
to the 2.5 mg/kg groups for each xenograft model (Fig. 2).

Treatment with azacitidine and decitabine results in
differential methylation

To determine the effect on CpG methylation, DNA methylation
profiling was performed following treatment with low dose
azacitidine (1.5 uM), decitabine (1.5uM) or zebularine (6.0 uM)
for 72h in six KMT2A-rearranged infant ALL cell lines in
comparison to untreated controls. Treatment resulted in differ-
ential methylation of many CpG sites following treatment with low
dose azacitidine and decitabine (Fig. 3A), however there were no
significant differentially methylated sites across the genome
following treatment with low dose zebularine (Supplementary
Fig. 6A). CpG sites were grouped into differentially hypomethy-
lated regions, based on a threshold of over 5 differentially
demethylated CpG sites spanning each region. A total of 617
and 471 differentially methylated regions were significantly
hypomethylated in azacitidine- and decitabine-treated cells,

Leukemia
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Table 1. Total in vitro synergy scores between hypomethylating drugs in combination with conventional chemotherapeutic agents.
Drug combination PER-485 PER-490 PER-494 PER-703 PER-784 PER-785 PER-826 PER-910 ALL-PO KOPN-8 MLL-5 MLL-7 MLL-14 LR-iALL2
Vincristine -2.387 5.784 -16.422 -6.505. 14090 | -10.767 -4.232 -2.652 -8.740 2.270 3.278 -6.251 3.673 -2.094 <10 Antagonistic
Daunorubicin -2.451 3.808 -2.118 -0.557 -13.450 -4.060 -0.832 1.706 3.809 5.668 -3.235 -2.169 -0.251 0.710 10t0 10 Additive
Dexamethasone | 9.515 0.599 2779 -8.533 -12.698 -8.977 7.298 -3.282 0.018 0.272 -3.796 3.294 -5.834 510 Synergistic
@ Cytarabine 5.177 -1.052 -14.430 0.577 -14.602 -10.834 -5.223 3.828 -5.508 4.623 -0.795 -8.220 1.610 -2.018
g Methotrexate -17.263 -17.852 -14.845 -6.425 -24.644 -18.108 -17.880 -13.048 -18.280 -11.687 -9.255 -9.383 -0.908 1.848
E 6-Mercaptopurine -2.987 -3.873 -0.546 -3.896 -5.228 -5.128 -1.219 2.949 -6.182 6.349 -0.236 1.112 4.907 -0.506
L-Asparaginase 5.910 -7.963 0.801 -3.758 -11.842 -2.361 -3.106 -0.633 7.066 -1.598 -3.425 0.575 -2.907
Thioguanine -11.036 -2.921 0.035 -7.382 -13.644 -7.361 -0.281 -2.281 -1.017 3.927 -0.587 2.243 5.440 5.888
4-HPC 1.188 -0.754 -2.587 4.509 -7.082 -2.177 -0.760 3.373 4.628 6.181 2.071 -3.763 2.156 -0.607
Vincristine 3.917 -5.784 -10.720 -2.025 -4.959 -3.556 -3.570 -1.522 -1.116 5.321 -2.962 -6.697 -1.956 0.352
Daunorubicin 3.792 1.708 -3.752 1.705 -5.712 -7.748 -1.727 5.300 6.553 -1.662 0.370 3.366 6.563
Dexamethasone 9.398 -3.213 0.145 -5.258 -6.918 -25.079 9.187 -2.650 2.041 0.719 -0.761 1.168 -0.792
o Cytarabine 0.199 -9.281 1.625 -6.681 -3.662 0.628 8.188 3.246 6.281 4.636 -5.647 5.366 2.535
g Methotrexate -13.295 -14.145 -3.807 9.294 -18.910 -4.123 -15.532 -7.315 -0.881 0.550 -6.442 -4.523 -2.736 2.835
g 6-Mercaptopurine 8.074 -7.016 4.298 7.695 7.000 -0.684 -1.983 7.696 2.511 3.535 8.299 1.605
L-Asparaginase -13.927 1.311 4.198 -5.169 -4.840 -0.775 3.860 -1.690 0.679 1.353 0.214
Thioguanine -4.399 -5.444 0.631 0.214 -5.352 -4.265 2.126 4.633 1.239 5.402 8.032
4-HPC -1.161 4.750 1.307 4.642 2.988 3.553 0.906 7.066 4.249
Vincristine -0.428 -0.361 -7.017 -5.415 -6.468 1914 0.848 4.291 -2.161 2.109 -2.255 -1.324 1.175 -1.241
Daunorubicin -0.650 3.297 -3.366 -2.222 -4.957 -3.387 0.262 5.578 0.293 5.018 -3.667 -0.016 0.946 2.447
Dexamethasone -3.672 1.441 0.435 2414 -10.499 -22.282 7.124 3.748 -2.652 7.078 -4.039 -0.171 2.814 -4.154
v Cytarabine 9.248 -11.747 2.547 -12.879 6.373 -1.311 -7.398 4.455 1.383 2.796 -0.890 5.598 0.981
f_E Methotrexate -20.027 -4.055 -3.257 -2.580 -18.886 -1.588 -13.139 -13.559 -11.712 4.803 -7.057 -4.606 -1.314 -0.436
§ 6-Mercaptopurine 0.386 3.439 4.044 0.851 9.477 0.588 -6.725 2.778 -14.266 3.291 -2.264 -3.847 1.847 -2.004
L-Asparaginase 4.612 -6.575 2.707 -1.320 -4.145 0.690 1.363 -4.078 9.861 -4.396 0.261 0.548 -1.051
Thioguanine -10.566 0.239 -1.783 -1.366 -8.002 -0.244 5.479 2.883 1.445 -0.040 -2.790 2.110 6.881
4-HPC 0.733 4.642 -1.693 2.305 -4.070 3.909 1.642 6.945 3.730 0.599 -0.351 4.226 2.901

respectively, compared to untreated controls (Supplementary
Tables 3-4). These hypomethylated regions were common to all
cell lines following treatment. There were 381 genes within these
differentially hypomethylated regions following treatment with
azacitidine and 275 following treatment with decitabine, of which
195 genes were common (Supplementary Table 5).

Transcriptomic profiling reveals a higher effect of
hypomethylation on gene expression by decitabine

To assess transcriptional changes induced by azacitidine and
decitabine, we performed RNA sequencing of the six KMT2A-
rearranged infant ALL cell lines following treatment with low dose
azacitidine (1.5 uM) or decitabine (1.5uM) in comparison to
untreated controls. Treatment with low dose decitabine had a
more marked effect on gene expression than azacitidine; this was
evident both when merging the transcriptome of all six cell lines
and also according to each individual cell line (Fig. 3B; Supple-
mentary Fig. 6B, C; Supplementary Tables 6-7). Gene set
enrichment analysis of significant differentially expressed genes
revealed a much higher effect of decitabine on activating/
inactivating annotated gene sets or cellular networks than
azacitidine (Supplementary Table 8, Supplementary Fig. 6D).

Of genes located within hypomethylated regions following
treatment, transcriptional profiling identified 11 genes to be
significantly upregulated following treatment with decitabine,
whereas there were no correlations following treatment with
azacitidine (Supplementary Fig. 6E). For validation, we performed
real-time quantitative PCR in our extended cohort of 13 KMT2A-
rearranged infant ALL cellular models on three genes, MMP15,
BAIAP3 and CD82, confirming significant upregulation of these
genes via hypomethylation following treatment with decitabine
(Supplementary Fig. 6F).

TPP of azacitidine and decitabine identifies novel binding
targets

Insufficient characterization of drugs and their mechanism of
action has been linked to costly clinical failure and approval rates.

Leukemia

Drugs may have multiple primary and secondary targets, therefore
it is important to comprehensively identify their targets to
elucidate their mechanism of action. TPP and CETSA have
emerged as powerful label-free tools to investigate target
engagement of small molecule inhibitors at a proteome-wide
level [24, 25]. Upon binding of a small molecule to a protein the
thermal stability and aggregation temperature of the target
protein is altered, and this change in aggregation temperature can
be detected by various means such as western blotting [24],
AlphaScreen [26], and mass spectrometry [25, 27]. We therefore
investigated the proteome-wide target landscape of azacitidine
and decitabine in ALL-PO, an infant ALL cell line which harbors the
KMT2A-AFF1 fusion. In total, TPP identified and quantified 6021
proteins for azacitidine and 5982 proteins for decitabine
(Supplementary Tables 9-12). The significance threshold (p-value)
was calculated using a non-parametric analysis [21]. Identified
proteins with melt curves in both replicates of treatment and
control and p<0.01 were selected for further analysis. These
criteria were fulfilled for 218 proteins for azacitidine and 166
proteins for decitabine (Fig. 4A, Supplementary Fig. 7A, B,
Supplementary Table 13). There was an overlap of 35 proteins
between the hits for azacitidine and decitabine (Supplementary
Table 13) which were mainly enriched for proteins involved in
purine and pyrimidine metabolism, e.g., TYMS (Fig. 4A, B), DCK,
UPRT and CTPS1 (Supplementary Fig. 7C).

It is well known that azacitidine is mainly incorporated into RNA,
affecting RNA modifications and translation, however it is unclear
which protein(s) are responsible or affected upon incorporation of
azacitidine into RNA. Here, among the unique hits for azacitidine,
we identified several RNA methyltransferases, such as NSUN2,
NSUN6 and TRDMT1 (Fig. 4B). Among the hits for decitabine we
also identified changes in the thermal stability for CENPE, ZHX2
and KMT2B (Fig. 4B).

CETSA and western blot analysis of azacitidine-treated ALL-PO
cells validated the thermal stabilization of NSUN2 and TYMS by
azacitidine (Supplementary Fig. 8A). Conversely, when lysates from
ALL-PO cells were treated with azacitidine, NSUN2 and TYMS were
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Treatment with hypomethylating agents induces upregulation of ATP-binding cassette transporters. Expression levels of ATP-

binding cassette transporter genes of three KMT2A-rearranged infant ALL cell lines (PER-485, PER-490 and PER-826), incubated with IC;¢.40
concentrations of (A) azacitidine or (B) decitabine for 72 h were measured by real-time quantitative polymerase chain reaction. The bar plots
depict mean log; fold change of three biological replicates compared to untreated cells with standard error of the mean displayed for each

sample. **p < 0.01, ***p < 0.001.
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Fig. 2 Azacitidine and decitabine prolong survival in KMT2A-rearranged infant acute lymphoblastic leukemia xenografts. Mice injected
with leukemia cells were treated with vehicle control, 2.5 mg/kg azacitidine, 5 mg/kg azacitidine or 0.5 mg/kg decitabine once daily for five
days when the percentage of human CD19" CD45" cells reached 1% in the bone marrow. Five xenograft models were used: MLL-5, MLL-7,
MLL-14, LR-iALL2 and PER-785. Left panels: Percentage of human CD19" CD45% cells in peripheral blood over time. Right panels:
Kaplan-Meier survival curves of the treated and control mice (n = 8-10 mice/group). The gray shaded areas indicate the treatment periods.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 3 Treatment with azacitidine and decitabine results in differential methylation and transcriptional changes. A Manhattan plots
showing differential methylation profiles across genome-wide CpG sites of six KMT2A-rearranged infant acute lymphoblastic leukemia cell
lines treated at low dose (1.5uM) with the hypomethylating agents azacitidine and decitabine in comparison to untreated controls.
Differentially methylated CpG sites were mapped to their corresponding loci across the genome (x axis) and plotted against their significance
levels (-log;o transformed p-values) (y axis), from comparisons between treated and untreated cell lines. The red line indicates genome-wide
significance threshold of 5x 108, and the blue line indicates suggestive significance, valued at 1 x 10~°. B Volcano plots highlighting the top
differentially expressed genes from the merged transcriptome of all six cell lines following treatment with azacitidine and decitabine.
Horizontal and vertical dashed lines indicate fold change and significance thresholds.

not stabilized (Supplementary Fig. 8B) indicating that intracellular
modification of azacitidine is necessary for its thermal stabilization
of NSUN2 and TYMS. To investigate further, we performed a dose
response CETSA experiment of ALL-PO cells treated with varying
concentrations of azacitidine across multiple time points at 48 °C.
The results demonstrated that azacitidine-mediated thermal
stabilization of NSUN2 was time-dependent, further strengthening
that intracellular modification of azacitidine is necessary for
thermal stabilization of NSUN2 (Supplementary Fig. 8C).

Venetoclax synergizes with hypomethylating and
conventional chemotherapeutic agents in vitro

Given that hypomethylating agents have undergone extensive
clinical investigation in combination with venetoclax and repre-
sents a therapeutic option for adults with AML [11], we next
sought to investigate whether there was a combinatorial role for
venetoclax in infants with KMT2A-rearranged ALL. Venetoclax
demonstrated low ICsq in vitro, ranging between 0.003-6.350 uM
(Supplementary Table 1). In order to confirm that venetoclax binds
to BCL-2 we performed dose response CETSA in ALL-PO cells

SPRINGER NATURE

followed by western blot analysis, which demonstrated dose-
dependent thermal stabilization of BCL-2 following venetoclax
treatment (Supplementary Fig. 9). Venetoclax was shown to
induce apoptosis followed by necrosis at the ICs, for each cellular
model (Supplementary Fig. 10). In vitro drug combination testing
revealed that venetoclax was either additive or synergistic when
tested in combination with each of the three hypomethylating
agents and each of the nine conventional chemotherapeutic
agents in all 14 cellular models (Table 2, Supplementary Table 14,
Supplementary Fig. 11).

Azacitidine combined with venetoclax prolongs survival in
KMT2A-rearranged infant ALL xenografts

Finally, we sought to determine the in vivo efficacy of azacitidine
in combination with venetoclax. Azacitidine was prioritized and
selected for further assessment in combination with venetoclax as
any benefit identified would be readily translatable into clinical
practice given that the tolerability of azacitidine is currently being
investigated in the COG AALL15P1 trial for infants with KMT2A-
rearranged ALL (NCT02828358). The 2.5 mg/kg azacitidine dose
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Table 2. Total in vitro synergy scores between venetoclax in combination with hypomethylating or conventional chemotherapeutic agents.

Leukemia

Drugcombined | oep e | pergon | PER-494 | PER-703 | PER-784 | PER-785 | PER-826 | PER-910 MLLS | MLL7 | MLL-14 | LR-ALL2
with venetoclax
it 4749 | 3309 | 8728 | -1568 | 2101 | -2180 | 0794 1622 | 3366 | -3.699 | -3.413 <10 Antagonistic
Azacitidine 5 5 b =il b 28 b J ==k =34 =3y 10to 10 Additive
>10 Synergistic
Decitabine -0.885 | 1171 3891 | 9407 | -1492 | -2.262 3632 | 0720 | -2844 | 1.665
Zebularine 0283 | 0820 | -6.050 | -1964 | 4438 | -1103 4783 | 8630 | 0453 | -3.228 | -2816 | -1.047
Vincristine 6920 | 7740 | 6780 | 3.840 - 3270 | 1.39% 2878 | 1869 | 2227 | 6.863
Daunorubicin 0700 | -0.850 6230 | -0260 | 2130 | -6160 | 7.907
Dexamethasone 4.260 2.870 3.330 4.550 -9.050 5.480 3.210
Cytarabine 6280 | 5730 | 8410 | 6980 | 4680 | 5110 | -1890
Methotrexate 1280 | 3940 | 3980 | 3190 | -0.630 | 4.030 | 3.200
-Mercaptopurine 3670 | -1.080 4190 | 3210 | 3650 | -3.680 | 0336
L-Asparaginase -2.550 5.260 -3.160 6.790 -4.980
Thioguanine 0.490 1340 | 5740 | 6510 | 2770
2,010 5280 | 4520 | 7.850 | -1540
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was selected to mimic the same dose and schedule used in
AALL15P1 and to abrogate risk of toxicity with combination
therapy at higher doses. The combination of azacitidine and
venetoclax produced a significant survival advantage in both LR-
iALL2 and PER-785 xenograft models compared to each individual
agent alone. The effect was seen for treatment of disease at both
low and high burden and also when the agents were administered
simultaneously or sequentially (Fig. 5A, B).

DISCUSSION

Improvements in outcome for children with ALL has largely been
achieved through randomized clinical trials optimizing conven-
tional chemotherapy, improvements in risk stratification based on
blast genetics and early response to therapy and delivering
appropriately intense therapy. However, infants diagnosed with
KMT2A-rearranged ALL remain an exception to this success, with
5-year EFS less than 40% [4]. Clinical trials for infant ALL have
increased the dose-intensity of multi-agent chemotherapy, how-
ever, they have not improved outcome due to high relapse rates
and dose-limiting toxicities of conventional chemotherapeutic
agents, highlighting the urgent need to identify innovative
therapies to advance outcomes for infant ALL [2, 3].

KMT2A-rearranged infant ALL cells are characterized by an
abundance of promoter hypermethylation which, in the classical
model of methylation, can lead to silencing of genes, including
tumor suppressor genes [5-7]. This has led to hypomethylating
agents emerging as promising therapeutic candidates, with
azacitidine currently being investigated in the COG AALL15P1
pilot study (NCT02828358), for infants with KMT2A-rearranged ALL.
However, there remains a distinct lack of preclinical evidence for
use of azacitidine in this patient population. In addition to
targeting hypermethylation, inhibition of BCL-2 has also been
proposed as a novel strategy to treat KMT2A-rearranged infant ALL
[28-30]. Therefore, the aims of this study were to (i) investigate the
benefit of hypomethylating agents for infants with KMT2A-
rearranged ALL, (ii) elucidate the effect of these drugs on the
methylome, transcriptome and identify their target protein
binding landscape and (iii) determine the benefit of adding the
selective BCL-2 inhibitor, venetoclax, to treatment for infants with
KMT2A-rearranged ALL.

We identified that treatment with single agent azacitidine and
decitabine significantly improved EFS in KMT2A-rearranged infant
ALL xenografts. Previously, two studies have shown mild delays in
leukemia progression following treatment with decitabine in
xenografts. Both used lower decitabine doses with less frequent
administration, which may account for the modest effects
compared to our study [31, 32]. In addition, both studies did not
use patient-derived xenografts established from infants, with
xenografts established from the RS4;11 and SEM KMT2A-rear-
ranged B-ALL cell lines, derived from a 32-year-old adult and 5-
year-old child respectively. The current COG AALL15P1 study was
designed to test the tolerability of adding four five-day courses of
azacitidine administered at 2.5 mg/kg/dose prior to chemotherapy
following induction therapy. Our study has thus mimicked the
same schedule and investigated efficacy in a similar setting of low
disease burden as that of a patient on this study. Coupled with the
predominance of additivity or synergy shown by the hypomethy-
lating agents in combination with conventional chemotherapeutic
agents in vitro, our study is the first to provide strong in vivo
evidence to support the use of azacitidine or decitabine to treat
infants with KMT2A-rearranged ALL. Notably, AALL15P1 was
primarily designed for assessment of safety and feasibility, and
studies to determine efficacy of azacitidine or decitabine should
be considered in future clinical trial designs. In addition, the
marked in vitro antagonism between methotrexate and the
hypomethylating agents represents another clinically significant
finding. The increased expression of several ATP-dependent efflux
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pumps following treatment with hypomethylating agents may
contribute to reduced methotrexate sensitivity, as previously
described in a breast cancer cell line [33], however further work is
necessary to elucidate additional mechanisms that may contribute
to this antagonistic effect. Nonetheless, our findings guard against
concomitant administration of methotrexate with hypomethylat-
ing agents for infants with KMT2A-rearranged ALL. Furthermore,
several other conventional chemotherapeutic agents exhibited
antagonism with hypomethylating agents in a small subset of
samples (PER-494, PER-784 and PER-785). This finding requires
further exploration as it may indicate that a subpopulation of
infants may not derive benefit from such combination therapy.

Similar to previous studies, we independently demonstrated
differential methylation profiles following treatment with hypo-
methylating agents in a unique panel of extensively characterized
KMT2A-rearranged infant ALL cell lines. These profiles revealed
common gene targets of hypomethylation between azacitidine
and decitabine suggesting shared pathways being regulated for
both hypomethylating agents. However, we were unable to
recapitulate the effects previously reported following treatment
with zebularine [5, 7, 34]. In addition to the effect on methylation
in KMT2A-rearranged infant ALL cells by azacitidine and decita-
bine, we investigated the effect of these hypomethylating drugs
on genome-wide gene expression in our panel of cell lines.
Decitabine induced a stronger effect on gene expression than
azacitidine, which displayed a subtle and variable effect on gene
expression across these cell lines. Such observations have also
been reported at the transcriptome and cell-surface proteome
level following treatment of AML cell lines with azacitidine at low
doses [35]. In addition, we were only able to identify a small
proportion of genes that were upregulated and located within
hypomethylated regions following treatment. Our findings are
supported by more recent studies, which indicate that the
mechanisms for epigenetic regulation in infants with ALL extend
beyond the classical model of methylation and gene expression
and are more complex than previously thought [36, 37].

To further characterize the molecular impact of azacitidine and
decitabine in KMT2A-rearranged infant ALL cells, TPP analysis was
conducted to identify the protein binding targets of each drug.
Using TPP as a label-free approach, we identified binding of
azacitidine to several RNA methyltransferases, including NSUN2,
NSUN6 and TRDMT1. RNA methyltransferases play an important
role in epigenetic regulation, maintaining RNA stability, splicing,
transport, localization and translation [38, 39]. These results
suggest that there is a possible early immediate effect of
azacitidine treatment acting through RNA methylation modifica-
tions. Furthermore, we discovered that azacitidine also binds to
TYMS, increasing its aggregation temperature. We have previously
shown that decitabine, following intracellular modification, binds
to TYMS using a high throughput CETSA-based screen with the
K562 chronic myeloid leukemia cell line [26]. In this current study,
we used an unbiased approach with TPP to confirm this finding in
the ALL-PO infant KMT2A-rearranged ALL cell line. TYMS is a
pivotal protein in the thymidylate biosynthesis pathway and
maintaining the dTMP pool which is necessary for DNA replication
and repair. TYMS is a widely used cancer therapy target and thus
its inhibition could contribute to the therapeutic effects of
azacitidine and decitabine. Whilst our study has identified the
protein binding target landscape for azacitidine and decitabine in
KMT2A-rearranged infant ALL cells, further studies are required to
functionally validate the biological effect of these interactions.

We previously demonstrated single-agent activity of venetoclax in
sensitive infant KMT2A-rearranged patient-derived xenograft models
[30]. In this study, we extended these findings to identify in vitro
sensitivity of venetoclax in a broad panel of KMT2A-rearranged
infant ALL cell lines, and demonstrated additivity or synergy of
venetoclax in combination with conventional chemotherapeutic
agents or hypomethylating agents. These findings provide support
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Fig. 5 Azacitidine combined with venetoclax improves survival in KMT2A-rearranged infant acute lymphoblastic leukemia xenografts.
Kaplan-Meier survival curves of leukemia-bearing mice treated with 2.5 mg/kg azacitidine once daily for five days, 100 mg/kg venetoclax once
daily for 21 days, simultaneous administration of 2.5 mg/kg azacitidine once daily for five days in combination with 100 mg/kg venetoclax
once daily for 21 days, sequential administration of 2.5 mg/kg azacitidine once daily for five days followed by 100 mg/kg venetoclax once daily
for 21 days, and vehicle control (n = 9-10 mice/group). Two xenograft models were used: LR-iALL2 and PER-785. Treatment commenced at (A)
low disease burden when the percentage of human CD19" CD45™ cells reached 1% in the bone marrow and (B) high disease burden when
the percentage of human CD19" CD45™ cells reached 1% in the peripheral blood. The gray shaded areas indicate the treatment periods, with
the first dotted line representing the start of treatment for all cohorts and the last dotted line representing the end of treatment for sequential
administration cohort. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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for the next COG upfront clinical trial, which proposes to determine
the benefit of integrating venetoclax into the conventional
chemotherapy backbone for infants with KMT2A-rearranged ALL.

The combination of azacitidine with venetoclax was selected for
in vivo assessment to facilitate rapid clinical translation given that
the AALL15P1 trial will establish a safe and tolerable dose of
azacitidine in this patient population. The addition of venetoclax
to azacitidine resulted in a significant extension to EFS in sensitive
KMT2A-rearranged infant ALL xenografts treated at both high and
low disease burden. Mechanistic insight of this combination has
been explored in the setting of AML [40, 41]. Azacitidine and
venetoclax synergize to efficiently and selectively target leukemia
stem cells by disrupting energy metabolism via the tricarboxylic
acid cycle, with reduced glutathionylation of succinate dehydro-
genase leading to inhibition of the electron transport chain
complex Il and suppression of oxidative phosphorylation [40].
More recently, venetoclax was shown to enhance the effector
activity of antileukemic T cells by increasing reactive oxygen
species generation through inhibition of respiratory chain super-
complex formation, with azacitidine priming AML cells for killing
by T cells by inducing a viral mimicry response through activation
of the STING/cGAS pathway [41]. While further work is required to
gain mechanistic insight of azacitidine and venetoclax for infants
with KMT2A-rearranged ALL, this immune mediated mechanism
would not be reflected by our experimental models due to the
absence of T cells, thus there is the potential for our findings to be
more pronounced in the setting of functional T cells.

In conclusion, we identify a significant survival benefit for single
agent azacitidine and decitabine in KMT2A-rearranged infant ALL
xenograft models providing support for clinical use of these
agents in this patient population. The effect of hypomethylation
following treatment led to changes in gene expression and TPP
revealed the proteome-wide target landscape of these agents,
including the binding of azacitidine to RNA methyltransferases
and TYMS. The effect of azacitidine on in vivo survival was
enhanced by the addition of venetoclax. The combination of
azacitidine and venetoclax has been effectively used to treat
patients with AML [11, 12], with disruption of the metabolic
machinery driving energy metabolism leading to eradication of
leukemia stem cells [40]. Given that a stem cell signature and
myeloid features have been identified in KMT2A-rearranged infant
ALL blasts [42, 43], cell stemness has been identified in relapse-
initiating cells [44], and certain infants benefit from myeloid-style
consolidation therapy [45], KMT2A-rearranged infant ALL repre-
sents an ideal disease model in which to further investigate the
combination of azacitidine and venetoclax.

DATA AVAILABILITY

Raw methylation and transcriptomic data are available via the Gene Expression
Omnibus (GEO) database under the accession number GSE212592. The TPP data
were deposited to the ProteomeXchange Consortium via the PRIDE partner
repository, identifier PXD030539 with reviewer account details: Username: revie-
wer_pxd030539@ebi.ac.uk and Password: bMPpON7w.
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