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Original Reports | Precision Medicine
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ABSTRACT

PURPOSE Juvenile myelomonocytic leukemia (JMML) is an aggressive pediatric malig-
nancywithmyelodysplastic andmyeloproliferative features. Curative treatment
is restricted to hematopoietic stem-cell transplantation. Fludarabine combined
with cytarabine (FLA) and 5-azacitidine (AZA) monotherapy are commonly
used pre-transplant therapies. Here, we present a drug screening strategy using
a flow cytometry–based precision medicine platform to identify potential
additional therapeutic vulnerabilities.

METHODS Wescreened 120dual- and 10 triple-drug combinations (DCs) on peripheral blood
(n 5 21) or bonemarrow (n 5 6) samples from 27 children with JMML to identify
DCs more effectively reducing leukemic cells than the DCs’ components on their
own. If fewer leukemic cells survived a DC ex vivo treatment compared with that
DC’s most effective component alone, the drug effect was referred to as coop-
erative. The difference between the two resistant fractions is the effect size.

RESULTS We identified 26 dual- and one triple-DCmore effective than their components.
The differentiation agent tretinoin (TRET; all-trans retinoic acid) reduced the
resistant fraction of FLA in 19/21 (90%) samples (decrease from 15% [2%-61%]
to 11% [2%-50%] with a mean effect size of 3.8% [0.5%-11%]), and of AZA in
19/25 (76%) samples (decrease from 69% [34%-1001%] to 47% [17%-83%]
with amean effect size of 16% [0.3%-40%]). Among the resistant fractions, the
mean proportion of CD381 cells increased from 7% (0.03%-25%; FLA) to 17%
(0.3%-38%; FLA 1 TRET) or from 10% (0.2%-31%; AZA) to 51% (0.8%-88%;
AZA 1 TRET).

CONCLUSION TRET enhanced the effects of FLA and AZA in ex vivo assays with primary JMML
samples.

INTRODUCTION

Juvenile myelomonocytic leukemia (JMML) is a rare and
aggressive pediatric malignancy with features of both
myelodysplasia and myeloproliferation. In most patients,
one of five canonical RAS pathway genes (PTPN11, NRAS,
KRAS, NF1, or CBL) is mutated. Treatment recommenda-
tions for children with newly diagnosed JMML are based
upon associated prognostic features of these driver mu-
tations and include allogeneic hematopoietic stem-cell
transplantation (HSCT), the only established curative
approach.1-3

Although HSCT is considered the standard of care yielding
long-term survival in approximately 50% of patients, the

potential impact of pre-HSCT therapy for cytoreduction
has not been prospectively studied. A retrospective,
single-institution study demonstrated a trend toward
improved outcomes in patients who achieved a molecular
response with chemotherapy before HSCT.4 When it is
administered, the choice of pre-HSCT therapy is mainly at
the discretion of the treating physician. Currently, the
most commonly used therapies before conditioning for
HSCT aremoderately intensive chemotherapy (particularly
fludarabine 1 cytarabine [FLA]) or AZA monotherapy.3-5

For such regimens, a significant reduction in mutant allele
frequency was positively correlated with improved 5-year
progression-free survival after HSCT (P 5 .12).4 Yet, with
only 33% (7/21) of patients experiencing such molecular
responses,4 there remains room for improvement.
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As of 2023, only AZA is approved by the US Food and Drug
Administration for patients with newly diagnosed JMML.5

Herein, we demonstrate the use of a predictive precision
medicine platform (PPMP) for high-throughput ex vivo drug
screening in combination with primary JMML specimens to
identify treatment regimens potentially superior to those
currently in use. To our knowledge, this is the first large-
scale study systematically screening for novel drug vul-
nerabilities in primary JMML cells.

METHODS

Detailed Methods are provided in the Data Supplement.

Patients

Ex vivo drug profiling was successfully performed on
27 patients diagnosed with JMML. Their clinical charac-
teristics, treatment history, and response to treatment are
summarized in Table 1 and detailed in the Data Supplement
(Table S1).

Ethics

The study design was approved by the Institutional Review
Board of the University of California, San Francisco in ac-
cordance with the Declaration of Helsinki. All specimens
were obtained with the patient’s or guardian’s written in-
formed consent during routine clinical assessments.

Ex Vivo Drug Sensitivity Testing

Ex vivo drug sensitivity assays with bone marrow (BM)
aspirate or peripheral blood (PB) specimens were performed
at Notable Labs (Foster City, CA) using a high-throughput,
automated custom flow cytometry–based PPMP.6,7

Data Analysis

Ex vivo drug sensitivity was evaluated by normalizing the
number of leukemic cells remaining in each treatment
condition to the mean number of live leukemic cells in the
dimethyl sulfoxide (DMSO) control, yielding ex vivo resistant
fractions, that is, fractions of leukemic cells surviving the
ex vivo treatment at particular drug concentrations. To
enrich for effects occurring in multiple patients, we only
selected treatment conditions tested on at least five
samples, resulting in 58 unique drugs and 130 drug
combinations (DCs), composed of 120 dual- and 10 triple-
DCs (Data Supplement [Table S2]).

One-sided Wilcoxon signed-rank tests were carried out to
determine if a DC induced a more substantial reduction of
the resistant fraction than all of its components on their
own. The Bonferroni correction was applied to adjust for
multiple comparisons at the DC level, with a significance
level set to a 5 .05/n, whereby n represents the number of
comparisons conducted per DC (n 5 2 for dual-DCs,
comparing A v A 1 B and B v A 1 B; n 5 3 for triple-DCs,
comparing A 1 B v A 1 B 1 C, A 1 C v A 1 B 1 C, and
B 1 C v A 1 B 1 C; Figs 1A and 1B). Effect sizes were de-
termined for each sample represented by the DC to quantify
the degree of DC-mediated change of the resistant fraction
by subtracting the resistant fraction of the DC from the
lowest resistant fraction of its components. A positive value
indicates a cooperative effect, suggesting the combination
was most effective in reducing the resistant fraction.8,9

Conversely, a negative value indicates an antagonistic ef-
fect, suggesting the combination was less effective in re-
ducing the resistant fraction compared with the most
effective component (Data Supplement [Fig S1]). If the DC
and its components had resistant fractions >1, the effect
size was defined as 0.

CONTEXT

Key Objective
Juvenile myelomonocytic leukemia (JMML) is an aggressive pediatric malignancy for which curative treatment is restricted
to hematopoietic stem-cell transplantation. Fludarabine combined with cytarabine (FLA) and 5-azacitidine (AZA) mono-
therapy are commonly used pre-transplant therapies; however, most patients still proceed to transplant with active disease.
Leveraging a high-throughput, flow cytometry–based predictive precision medicine platform (PPMP), we sought to identify
novel, more effective pre-transplant regimens using primary JMML specimens.

Knowledge Generated
We identified 26 dual- and one triple-drug combination that were more effective than their components. Particularly in-
triguing was the finding that tretinoin (TRET; all-trans retinoic acid) reduced the FLA and AZA ex vivo resistant fractions and
upregulated CD38 on substantial proportions of surviving FLA 1 TRET and AZA 1 TRET treated cells.

Relevance
The PPMP-generated data demonstrate that the addition of TRET to current pre-transplant therapies would potentially
enhance treatment efficacy.
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Next-Generation Sequencing

Sequencing results were available as part of standard-of-
care testing in the majority of samples. In patients without
clinical sequencing results, genomic DNA samples were
sequenced targetingmore than two dozen genes known to be
recurrently mutated in JMML as previously described.4

RESULTS

Patient Characteristics

The median age of the patient cohort was 14 months (range,
1-114 months) and consisted of 18 males (67%) and nine
(33%) females. Among the 27 patients, 22 (81%) had de novo
and five (19%) relapsed/refractory (R/R) disease. The most
commonly used therapy regimen after sample collection was
FLA with or without AZA, administered to 13 of 27 patients.
Other treatments included other multiagent chemotherapy,
AZA monotherapy, and no therapy. In addition to JMML-
associated RAS pathway mutations (PTPN11, KRAS, NRAS,
CBL, and NF1), ASXL1, JAK3, SETBP1, and SH2B3 mutations
were identified (Table 1 and Data Supplement [Fig S2]). The
majority (78%) of specimens were PB and 22%were BM. For
one patient (filtered out of main analysis for missing a large
portion of the combination conditions), both PB and BM
aspirate samples were available and tested, demonstrating
a strong agreement in ex vivo drug sensitivity across 70
treatment conditions (Pearson’s r 5 0.99; Data Supplement
[Fig S3]).

Identification of DCs More Effective Ex Vivo Than
Their Components

We sought to identify DCs superior to their components in
inducing cytotoxic or cytostatic effects in leukemic JMML
cells in ex vivo culture. Of the 130 DCs, 27 (26 dual and one
triple), representing 15 unique drugs, demonstrated such an
effect (Figs 1C and 1D, Data Supplement [Tables S3 and S4]).

Drug Classes

We ranked the 130 DCs and their corresponding, mechanism
of action-based, drug classes by the extent they reduced the
leukemic cell fraction. Effective combinations include cy-
totoxic chemotherapeutic agents such as fludarabine,
cytarabine, gemcitabine, doxorubicin, rigosertib, or vin-
cristine (Fig 2). Similarly, drug classes representing cyto-
toxic therapies (such as antibiotics/anthracyclines, vinca
alkaloids/vinca alkaloid-like agents, or antimetabolites)
reduced the leukemic cell fractionmore extensively as single
agents in ex vivo culture than compounds such as differ-
entiating agents or steroids (Fig 3).

Drug classes (over)represented in the 26 dual-DCs include
combinations between antimetabolites (cytarabine, fludar-
abine, and thioguanine), differentiating agents (calcitriol and
tretinoin [TRET]), vinca alkaloid/vinca alkaloid–like agents
(rigosertib10,11 and vincristine), and hypomethylating agents
(5-azacitidine, decitabine; Data Supplement [Fig S4]).

Effect Types and Sizes

Effect types for the 130 DCs are provided in the Data
Supplement (Fig S5). Given the clinical relevance of
FLA and AZA, we performed additional analyses on these

TABLE 1. Clinical Characteristics of the 27 Patients From Whom
Samples Were Profiled

Characteristic Analysis Cohort (N 5 27)

Age, months, median (range) 14 (1-114)

Sex, No. (%)

Female 9 (33)

Male 18 (67)

Sample type, No. (%)

Bone marrow 6 (22)

Peripheral blood 21 (78)

Disease status, No. (%)

De novo 22 (81)

Relapsed/refractory 5 (19)

Treatment regimen, No. (%)

Fludarabine, cytarabine 11 (41)

5-azacitidine, fludarabine, cytarabine 2 (7)

Fludarabine, cytarabine, ruxolitinib 1 (4)

Cytarabine, daunorubicin, etoposide 1 (4)

Busulfan, fludarabine, melphalan 1 (4)

5-azacitidine, venetoclax 1 (4)

5-azacitidine 4 (14)

Trametinib 2 (7)

6-mercaptopurine 2 (7)

Unknown 1 (4)

None 1 (4)

Clinical response, No. (%)

CR 4 (14)

PR 12 (44)

SD 4 (15)

PD 5 (19)

Unknown 1 (4)

Never treated 1 (4)

No. of patients with >1 mutation (%) 6 (22)

PTPN11 8 (24)

KRAS 7 (21)

NRAS 5 (15)

CBL 4 (12)

NF1 4 (12)

ASXL1 2 (6)

JAK3 1 (3)

SETBP1 1 (3)

SH2B3 1 (3)

NOTE. Age represents months at the time of sample collection.
Abbreviations: CR, complete response; PD, progressive disease; PR,
partial response; SD, stable response.
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combinations to understand the ex vivo effect of adding
TRET. For FLA1 TRET (Fig 4) and AZA1 TRET (Fig 5),most
of the effects were cooperative, observed in 90% and 76%
of samples, respectively, as detailed below.

Inclusion of TRET lowered the ex vivo resistant (resistant)
fraction of FLA for 19 of 21 patients (90%) with a mean
effect size of 3.8% (range, 0.5%-11%; Fig 4A). For samples
demonstrating this cooperative effect, the inclusion of
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Drug Abbreviation Drug Class

5-Azacitidine AZA Hypomethylating agent
Bortezomib BORT Proteasome inhibitor

Calcitriol CAL Differentiating agent
Cytarabine ARA-C Antimetabolite
Decitabine DEC Hypomethylating agent
Etoposide ETOP Topoisomerase inhibitor

Fludarabine FLU Antimetabolite
Panobinostat PANO HDAC inhibitor

Drug Abbreviation Drug Class

Rigosertib RIGO Vinca alkaloid/vinca alkaloid–like
Thioguanine THIO Antimetabolite
Tofacitinib TOFA Protein kinase inhibitor
Trametinib TRAM Protein kinase inhibitor
Tretinoin TRET Differentiating agent

Venetoclax VEN BCL-2 inhibitor
Vincristine VINC Vinca alkaloid/vinca alkaloid–like

FIG 1. Strategy to identify DCs significantly reducing the ex vivo resistant fractions of their components. (A) Principle to identify dual DCswith
hypothetical example. A 1 B, consisting of the components A and B, is significantly more effective in reducing the ex vivo leukemic fraction
than A or B on their own, that is, A1 B yields a lower ex vivo resistant (resistant) fraction than A or B. (B) Principle to identify triple-DCs with
hypothetical example. A1 B1 C, consisting of the components A1 B, A1 C, and B1 C, is more effective in reducing the resistant fractions
than A 1 B, A 1 C, or B 1 C. (C) Network graph specifying the 26 dual combinations (representing 15 unique drugs and nine drug classes),
connecting drugs (nodes) with lines. (D) Network graph specifying the triple combination, connecting drugs with lines. For both (C) and (D),
line thickness corresponds to the mean significance (P) value of the A 1 B versus A and A 1 B versus B tests, with thicker lines indicating
higher significance (lower P values). BCL-2, B-cell lymphoma 2; DCs, drug combinations; DMSO, dimethyl sulfoxide; HDAC, histone
deacetylase.
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TRET reduced the FLA-resistant fraction by 4%, from
15% to 11%. When only including samples with cooperative
effects and FLA-resistant fractions >5% (n 5 14), the mean
effect size was 5% (range, 2%-11%). Relative to the FLA
treatment condition, that is, with the FLA resistant fraction
set to 100%, TRET reduced the mean resistant fraction in

these samples by 30% (30% for de novo [n5 9] and 31% for
R/R [n 5 5]).

Inclusion of TRET lowered the AZA-resistant fraction for
19 of 25 patients (76%) with a mean effect size of 16%
(range, 0.3%-40%; Fig 5A). For samples demonstrating
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FIG 2. Ranking of the 130 DCs on the basis of their ex vivo effectiveness. Shown are box plots of the ex vivo resistant fractions of the 130 DCs
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reduced ex vivo effectiveness. Each drug is represented by at least five samples (patients). Left and right sides of the boxes represent the first
(Q1) and third (Q3) quartiles, respectively. Left and right whiskers indicate the outermost data points no further away from the boxes than 1.5
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this cooperative effect, the inclusion of TRET reduced
the AZA-resistant fraction by 22%, from 69% to 47%.
All samples with cooperative effects had AZA-resistant
fractions >5%. Relative to the AZA treatment condition
(100%), TRET reduced the mean resistant fraction in
these samples by 31% (33% for de novo [n 5 17] and 13%
for R/R [n 5 2]).

Bliss Independence Testing

To validate the effect size calculations, we compared our
results with Bliss independence scores, thereby using a
classic approach used to identify synergistic drug rela-
tionships. The Bliss model predicts DC effects by assuming
drugs act independently of one another, yielding differ-
ences between expected and observed effects defined as
synergy (positive Bliss score) or antagonism (negative Bliss
score).12,13 However, our approach determines the differ-
ence in the resistant fractions between a DC and its most
effective component, thereby identifying cooperative or
antagonistic effects on the basis of the DC’s relative per-
formance. As shown in Figure 5B for AZA1TRET, effect size
is positively correlated with Bliss score (Pearson’s r5 0.67),
with 80% (20/25) of samples assigned to the same effect
type as by our method (ie, cooperative for positive or an-
tagonistic for negative Bliss scores). For FLA 1 TRET, the
correlation is weaker (Pearson’s r5 0.23; Fig 4B). However,
all samples with a cooperative effect by our method had a
positive Bliss score and thereby would have been assigned
the same effect type (ie, cooperative) had we only used the
Bliss approach. Furthermore, although one sample was
classified as antagonistic by ourmethod yet demonstrated a
positive Bliss score, the sample had the second-lowest Bliss
score among all samples (Fig 4B). Taken together, these
data demonstrate concordance between our method and
the Bliss approach.

TRET Induced Differentiation in AZA-Treated Samples

We sought to understand whether TRET could provide
anticancer activity beyond the reduction of leukemic cell
numbers shown in Figures 2, 4A, and 5A, similarly to its
in vivo role in cell differentiation in acute promyelocytic
leukemia (APL) or its ex vivo roles in differentiation and
reduction of the clonogenic potential of myeloid blasts re-
ported for EVI-11 acute myeloid leukemia (AML).14,15 Al-
though there was no difference in the relative proportions of
(more differentiated) CD11b1 cells in the FLA 1 TRET com-
pared with the FLA-resistant populations (Fig 4C), TRET in
combination with AZA induced differentiation as seen by
increased proportions of CD11b1 cells (Fig 5C).

TRET Upregulated CD38 on Ex Vivo Treatment
Refractory Cells

CD38 is a therapeutic target in several hematologic malig-
nancies.16 Interestingly, its gene contains a retinoic acid
response element in the first intron conferring respon-
siveness to ATRA.17,18 Similarly to ex vivo cultures with
primary AML cells,17 TRET induced the upregulation of CD38
in primary JMML samples relative to the DMSO control
(Figs 4D and 5D). Themean proportion of CD381 cells among
the surviving cells in samples with a cooperative effect in-
creased from 7% (0.03%-25%; FLA) to 17% (0.3%-38%;
FLA1 TRET; Fig 4E) and from 10% (0.2%-31%; AZA) to 51%
(0.8%-88%; AZA 1 TRET; Fig 5E), resulting in mean ex vivo
resistant CD382 fractions of 9% (1%-49%) for FLA 1 TRET
(Fig 4F) and 23% (4%-55%) for AZA 1 TRET (Fig 5F).

Mutation Status and Effect Size

To investigate the association between gene mutation status
and effect size for FLA 1 TRET and AZA 1 TRET, we
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FIG 3. Drug classes representing the 58 drugs included in the analysis. Drugs were classified based on their mechanisms of action.
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the drugs when used as single agents. The assignment of the drugs to their classes is found in the Data Supplement (Table S6). Top
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FIG 4. Quantification of the FLA 1 TRET effect. (A) Box plot with an overlapping swarm plot for FLA 1 TRET (top) displaying the distribution of
individual effect sizes for both effect types (cooperative in green and antagonistic in red), with each dot representing a patient. Top and bottom of
the boxes represent the third (Q3) and first (Q1) quartiles, respectively. Top and bottom whiskers indicate the outermost data points no further
away from the boxes than 1.5 times the IQR (Q3-Q1) added to Q3, or subtracted from Q1, respectively. (continued on following page)
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categorized genes into RAS pathway, epigenetic modulators
(EPI), and JAK-STAT pathway (Data Supplement [Table S5]).
We focused on EPI and JAK-STAT pathway mutations since
all patients had at least one RAS pathway mutation. Using
ordinary least squares regression analysis, we found that
gene mutation status explained 34.4% of the variation in
effect size for FLA 1 TRET (R2 5 0.344) and 32.5% for
AZA 1 TRET (R2 5 0.325). EPI pathway mutations were
associated with higher effect sizes by AZA1 TRET (P5 .007).
The Data Supplement (Fig S6A and S6B) illustrates the
distribution of effect sizes for both DCs, grouped by pathway.

Relationship Between Clinical Responses and Ex Vivo
Resistant Fractions

To identify whether the PPMP correctly predicted treatment
outcomes, we compared the ex vivo resistant fractions after
drug treatment with the clinical outcomes of those patients
(Table 1) that were treated with the same regimens as their
leukemic cells ex vivo (n 5 13). As demonstrated in the Data
Supplement (Fig S7A), noncytotoxic (AZA, venetoclax1AZA)
regimens resulted in less pronounced reduction of the
ex vivo leukemic fractions (ie, higher resistant fractions)
than cytotoxic (FLA, FLA 1 AZA) treatments. When focusing
only on patients treated with FLA or AZA, we observed that
the resistant fractions of responders (partial response or
complete response [CR]) were substantially lower than those
of the nonresponders (progressive disease or stable disease;
P 5 .04). All (3/3) patients treated with AZA were nonre-
sponders. By contrast, 82% (9/11) of patients treated with
FLA were responders. Applying a resistant fraction cutoff of
0.3, all (3/3) AZA nonresponders and 89% (8/9) of the FLA
responders are identified as nonresponders and responders,
respectively (Data Supplement [Fig S7B]).

DISCUSSION

We have previously demonstrated that the screening
platform used can predict treatment responses to various
regimens used in hematologic malignancies, particularly
in adult and pediatric AML.6,7,19 For this study in JMML,
however, the main emphasis was on identifying JMML cell
vulnerabilities beyond those currently being used clinically
rather than predicting treatment outcome. The PPMPused for
this study assesses drug responses on a per-cell basis using

flow cytometry and thus provides additional value compared
with approaches based on total cells such as CellTiter-Glo or
MTS (3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethox-
yphenyl]-2-[4-sulfophenyl]-2H-tetrazolium) assays, which
cannot distinguish betweenmalignant and nonmalignant cell
populations.

Our data suggest that the addition of TRET to FLA—a reg-
imen frequently used as pre-HSCT therapy—reduces ex vivo
leukemic cell counts. Interestingly, the Children’s Oncology
Group studied another retinoid (13-cis retinoic acid [CRA]) in
combination with FLA as pre-HSCT therapy (Clinical-
Trials.gov identifier: NCT00025038).1 CRA is a stereoisomer
of all-trans retinoic acid (ATRA, TRET)with a 100-fold lower
affinity for binding to retinoid acid receptors compared with
TRET.20-22 However, although their mechanisms of action
differ, some of the effects attributed to CRA possibly also
occur with TRET since CRA can be converted to TRET, and
vice versa, TRET to CRA.21,23,24 In a trial (ClinicalTrials.gov
identifier: NCT00025038), CR rates of 79% (27/34; based on
white blood cells [WBCs] only) and 35% (12/34; based on
WBCs and organomegaly combined) were reported for
patients who received FLA 1 CRA as first-line pre-HSCT
therapy.1 In the study presented here, where patients were
not treated with a retinoid in combination with FLA, we
observed a CR rate after FLA of only 27% (3/11; Data Sup-
plement [Table S1]). This raises the question of whether CRA
in the trial (ClinicalTrials.gov identifier: NCT00025038) had
contributed to the higher CR rate and whether TRET would
have exerted a similar effect, although factors such as low
numbers of patients treated with FLA and potentially dif-
ferent definitions of CR may confound this assumption.

Although TRET added to FLA only reduced the mean re-
sistant fraction of FLA by 4%, the effect was substantially
larger in combination with AZA, where in addition to a 22%
reduction of the mean resistant fraction, a 41% increase in
the proportion of CD11b1 (more mature) cells occurred. This
observation is consistent with those by others, demon-
strating in AML/APL an upregulation of CD11b after in vivo or
ex vivo treatment with ATRA (TRET).14,25,26

We also assessed CD38 in the FLA 1 TRET and AZA 1 TRET
ex vivo resistant fractions and observed a substantial increase
in the relative proportions of CD381 cells compared with

FIG 4. (Continued). The bar plot (bottom) shows the relative percentage of patients per effect type. Cooperative effects were observed for 19 of 21
(90%) patients for FLA1 TRET (mean effect size 3.8%, range 0.5%-11%). (B) Regression plot demonstrating a positive relationship between effect
size and Bliss score with Pearson’s r 5 0.23. Each point on the plot, colored by effect type, represents an evaluable patient; shaded region
indicates 95% CI. Scatterplot illustrating enrichment scores reflecting the fraction of (C) CD11b1 and (D) CD381 cells under drug treatment
relative to the fraction of CD11b1 or CD381 cells under vehicle (DMSO) treatment. Therefore, an enrichment score of >1 indicates a higher ratio of
CD11b1 or CD381 cells to total leukemic cells after ex vivo drug treatment than in the DMSO control. The line of identity reflects no change
between the two dose conditions. Points above or below the line indicate an increase or reduction, respectively, of the enrichment score for
FLA1 TRET compared with FLA alone. (E) Stacked bar plot illustrating the mean relative proportions of CD381 and CD382 within the FLA versus
FLA 1 TRET resistant fractions (P 5 .0000029) in samples demonstrating a cooperative effect. (F) Box plot with overlapping swarm plot
displaying the distribution of individual ex vivo resistant fractions of FLA and FLA 1 TRET in samples demonstrating a cooperative effect. Each
point represents a sample, color indicates the population. FLA, fludarabine 1 cytarabine; TRET, tretinoin.
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FIG 5. Quantification of the AZA1 TRET effect. (A) Box plot with an overlapping swarm plot for AZA1 TRET (top) displaying the distribution of
individual effect sizes for both effect types (cooperative in green, antagonistic in red, and no effect in gray), with each dot representing a patient.
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treatments with only FLA or AZA, respectively. This finding
suggests that—theoretically—adding a CD38-targeted agent
might further reduce the leukemic cell numbers.

Whether or not to add TRET to current chemotherapy reg-
imens would, among others, depend on the expected toxicity
it would add. In pediatric APL, TREThas been associatedwith
differentiation syndrome (retinoic acid syndrome), pseu-
dotumor cerebri, and hyperleucocytosis.27 However, a
combination of ATRA and arsenic trioxide was shown to be
noninferior to standard chemotherapy with less toxicity in
pediatric patients with APL treated on the Children’s On-
cology Group phase III clinical trial AAML1331.28

In contrast to conventional combination analyses,we chose to
screendrugsusing single-dosepoints on the basis of clinically
achievable concentrations, rather than using dose ranges.
This strategy allowed us to screen a larger number of drugs
and DCs, although it carries the risk that the concentrations
may be suboptimal and/or that not all combinations with
superior effectiveness compared with their components may
have been identified. Furthermore, we identified 130 DCs that

have the potential to exert more substantial cancer cell–
directed effects than their components, although it remains
unknown if the ex vivo effects are also biologicallymeaningful
in the absence of clinical correlation. Additional study limi-
tations include small sample sizes, as we could not prag-
matically screen all 130 DCs on samples from all 27 patients.
However, each combination needed to be tested on at least
five samples from five unique patients to be included in the
analysis presented here, thereby reducing the chance of in-
correctly classifying combinations as more effective than
their components. Finally, this study evolved over time, af-
fecting factors including the flow cytometry panels (marker
changes) and the flow cytometry staining process. Therefore,
some degree of data drift may have occurred.

In summary, we have demonstrated the potential utility of
a high-throughput drug screening platform in identifying
therapeutic combinations for patients with JMML. Our
correlative data suggest that addition of TRET to FLA or to
AZA might enhance the desired cytoreduction in children
with JMML that has correlated with superior post-HSCT
response rates.
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