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outcomes by complementing mutational profiling with
ex vivo chemosensitivity
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Refractoriness to induction therapy and relapse after achiev-
ing complete remission (CR) is a common cause of death
among patients with acute myeloid leukaemia (AML). Cyto-
genetic and molecular alterations at diagnosis and response
to therapy are the best predictors of the relative risk of AML
relapse and are helpful in deciding between chemotherapy
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Summary

Refractoriness to induction therapy and relapse after complete remission
are the leading causes of death in patients with acute myeloid leukaemia
(AML). This study focussed on the prediction of response to standard
induction therapy and outcome of patients with AML using a combined
strategy of mutational profiling by next-generation sequencing (NGS,
n =190) and ex vivo PharmaFlow testing (n = 74) for the 10 most widely
used drugs for AML induction therapy, in a cohort of adult patients uni-
formly treated according to Spanish PETHEMA guidelines. We identified
an adverse mutational profile (EZH2, KMT2A, U2AF1 and/or TP53 muta-
tions) that carries a greater risk of death [hazard ratio (HR): 3-29,
P < 0-0001]. A high correlation was found between the ex vivo PharmaFlow
results and clinical induction response (69%). Clinical correlation analysis
showed that the pattern of multiresistance revealed by ex vivo PharmaFlow
identified patients with a high risk of death (HR: 2-58). Patients with
mutation status also ran a high risk (HR 4-19), and the risk was increased
further in patients with both adverse profiles (HR 4-82). We have devel-
oped a new score based on NGS and ex vivo drug testing for AML patients
that improves upon current prognostic risk stratification and allows clini-
cians to tailor treatments to minimise drug resistance.

Keywords: acute myeloid leukaemia, sequencing, ex vivo sensitivity test.

and haematopoietic stem cell transplantation (HSCT) at first
CR (Onecha et al., 2018). In this respect, next-generation
sequencing (NGS)-based studies have yielded important
insights into the molecular pathogenesis of AML, and the
mutational profile of AML is now better defined. For exam-
ple, a single patient can carry up to 400 genomic variants, of
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which 13 (on average) have been found to reside in the cod-
ing region of genes (Pemovska et al, 2013b). Some of these
genes have been identified as potential drivers with prognos-
tic implications, such as NPMI1, CEBPA, DNMT3A, TET2,
RUNXI, ASXLI1, IDHI and KMT2A, whereas others, includ-
ing FLT3, IDHI, KIT and RAS, are considered important
therapeutic targets (Pemovska et al, 2013b). The clinical
prognostic relevance of many recurrent somatic mutations
has been demonstrated and, accordingly, mutational profiling
was recently incorporated as a prognostic factor in AML
European LeukaemiaNet (ELN) guidelines (Patel et al., 2012;
Papaemmanuil et al., 2016).

Most clinical protocols include a nucleoside analogue (cy-
tarabine) in combination with a topoisomerase II inhibitor
(daunorubicin or idarubicin) as standard induction therapy.
This scheme has remained largely unchanged over the last four
decades despite the five-year overall survival (OS) of AML
patients remaining low at ~ 30% (Rowe & Tallman, 2010). A
small number of new drugs targetted to mutational events of
AML have been developed, such as the fms-related tyrosine
kinase 3 (FLT3) inhibitors for FLT3 mutational events, which
occur in 20-30% of patients (Gale et al., 2008). Unfortunately,
responses of only 2-6 months were reported when these drugs
were used as single agents (Tyner et al., 2018). Clinical benefits
have also been shown with drugs targeting the IDHI and IDH2
genes, namely ivosidenib and enasidenib, respectively (Tyner
et al, 2018), the hypomethylating agent 5-azacytidine in
TET2-mutated patients (Itzykson et al, 2011), or the nucle-
oside analogue decitabine in TP53-mutated patients (Welch,
Petti & Ley, 2017).

Because resistance to clinical treatment can underlie thera-
peutic failure, in vitro sensitivity studies have been used for
preclinical screening prior to drug planning in clinical trials
(Mollgard et al., 2008; Sato et al, 2011). Similarly, ex vivo
drug sensitivity testing such as PharmaFlow [Pharmacology
by flow cytometry, a cell-based flow cytometry pharmacology
testing platform (Vivia Biotech S.L., Tres Cantos, Spain) Jof
clinically available FDA-approved drugs has been used to
identify the most suitable combination therapy for precision
medicine strategies in patients with AML (Bennett et al.,
2014; Swords et al., 2018; Martinez-Cuadron et al., 2019).
Indeed, individual ex vivo drug sensitivity testing has been
used to assign personalised antibiotic and antifungal treat-
ments for decades, and this tailored approach could also be
applicable to anticancer drugs(Bennett et al, 2014; Swords
et al, 2018; Martinez-Cuadron et al., 2019) However, the
prediction of individual patient response before treatment
delivery remains challenging, and the number of biochemical
and genetic biomarkers associated with drug sensitivity is
very limited (Gale et al., 2008; Tyner et al., 2018).

In a descriptive study involving AML patients, large
sequencing assays were used to identify mutations in FLT3,
IDHI, KIT and RAS that result in significant changes in drug
sensitivity (Swords et al., 2018). This study, nevertheless, did
not evaluate the clinical significance of combining sequencing
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assays with ex vivo chemosensitivity profiling for the detection
of resistant subjects and the survival of patients with AML.

In the present study, we assessed the clinical relevance of a
combined strategy based on both mutational profiling by
NGS in 190 patients and ex vivo PharmaFlow in 74 patients
using the 10 most widely used drugs for AML induction
therapy. We focussed on the prediction of responses to stan-
dard induction treatment and outcome of patients with AML
who were uniformly treated according to Spanish PETHEMA
(Programa espanol de tratamientos hematoldgicos) group
guidelines.

Patients and methods

Patients

A multicentre, non-interventional cohort study was carried
out in five Spanish institutions of the PETHEMA group. A
total of 190 patients with AML (non-M3 type) diagnosed
between 2005 and 2015 were included in the NGS study, of
whom 74 were also available for the ex vivo PharmaFlow
study. In total, 57 (77%) patients were treated with a 3 + 7
schedule whereas 17 (23%) were treated with the FLUGA
scheme (fludarabine plus low-dose cytarabine); see details in
supplementary Data S1, Induction treatments.

Prominent clinical parameters [white blood and blast cell
counts, age, gender, cytogenetics risk group (by ELN-2010
criteria), AML type, haematopoietic stem and progenitor cell
type, induction treatment, and survival data] were incorpo-
rated into the clinical database, which is summarised in
Table L

The study was conducted according to Spanish law 14/
2007 on biomedical research and was approved by the
Research Ethics Board of each participating institution. All
patients provided informed consent. Data for this study were
provided by PETHEMA trials registered at as NCT01296178,
NCT00952588 and NCT02607059.

Mutational profile workflow

For the sequencing study, DNA from total bone marrow or
peripheral blood samples was evaluated. The samples were
stored in the biobanks of the Hospital 12 de Octubre,
Madrid (n = 132) and the Hospital Politécnico La Fe, Valen-
cia (n=58). All patient samples were genetically charac-
terised at the time of diagnosis by conventional G-band
karyotyping and fluorescence in situ hybridisation.

The mutational screening was performed using a custom
NGS panel (Table SI) consisting of 32 genes recurrently
mutated in myeloid diseases (Cedena et al., 2017). In addi-
tion, the detection and quantification of mutated NPM]I
sequences was performed by an allele-specific quantitative
polymerase chain reaction (q-PCR) according to the method
of Gorello and colleagues (Cedena et al., 2017), using RNA
as the biological sample and ABLI or f-GUS as the
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Table I. Patient characteristics. Table presents the clinical data of patients included in the NGS and ex vivo studies

NGS Assay n = 190 Ex vivo Assay n = 74

Sample BM
PB
Gender Male
Female

Age at diagnosis

Blasts at diagnosis

WBC at diagnosis

AML origin de novo
AML-MDS
tAML

Cytogenetics Normal
Altered

Cytogenetics Risk Group ELN 2010 Low
Intermediate
High

HSCT Autologous

Allogenic

No done

(3 + 7) scheme

Azacitidine

%, median (range)

Induction treatment*

Decitabine

FLUGA scheme

Support
Response to induction CR

PR

Resistence

Death
Time to 1 CR
Cases of relapse
Time to first relapse
Cases of death
Follow-up time

Years, median (range)

10%/1, median (range)

Days, median (range)
Months, median (range)

Months, median (range)

173 (91%) 74 (100%)

17 (9%) -
100 (53%) 44 (60%)
90 (47%) 30 (40%)
57 (18-91) 58 (19-91)
63 (4-99) 67 (20-99)
17 (1-300) 20,2 (1-242)
152 (80%) 62 (84 %)
20 (11%) 8 (11 %)
18 (9%) 4 (5 %)
101 (53%) 35 (47 %)
89 (47%) 39 (53 %)
14 (7%) 11 (15%)
131 (69%) 47 (63%)
45 (24%) 16 (22%)
45 (24%) 15 (20%)
32 (17%) 15 (20%)
113 (59%) 44 (60%)
154 (81%) 57 (77%)
2 (1%) -
1 (0,5%) -

26 (14%) 17 (23%)
7 (3,5%) —

110 (58%) 42 (57%)
30 (16%) 19 (26%)
19 (10%) 13 (17%)
31 (16%) —

39 (13-130) 40 (19-87)
60 (32%) 24 (32%)
14 (1-96) 20 (1-45)

117 (62%) 46 (62%)

26 (1-150) 20 (0,5-70)

AML, acute myeloid leukaemia; BM, bone marrow; CR, complete remission; ELN, European leukaemiaNet (2010); FLUGA, fludarabine plus

cytarabine; HSCT, haematopoietic stem cell transplantation; MDS, myelodysplastic syndromes; NGS, next generation sequencing; PB, peripheral

blood; PR, partial remission; WBC, white blood cells.

*3 + 7 regimen of chemotherapy: one or two induction cycles of cytarabine and idarubicin during seven and three days, respectively; and two or

three consolidation cycles at high doses of cytarabine, twice daily for three alternate days followed by allo- or auto-HSCT. The remainder of
patients were included in other clinical trials (Mylotarg, NTC0104104; Flugaza (NCT02319135); Panobidara, NCT00840346). Clinical data were
collected in the following Spanish AML epidemiological registries: NCT01700413, NCT02006004, NCT00464217, NCT02607059, NCT01041040

and NCT01296178.

expression reference genes for normalisation (Gorello ef al.,
2006). Internal tandem duplications were detected with PCR
and GENSCAN, as previously described (Burge & Karlin,
1997).

PharmaFlow chemosensitivity profiling

For ex vivo drug sensitivity assays, fresh bone marrow sam-
ples from 74 patients were collected in heparinised tubes and
were received by the processing laboratory within 24 hours
from extraction. Sample incubation with the corresponding
drugs was performed maintaining the native microenviron-
ment, as previously described in detail (Bennett et al., 2014;
Hernandez et al., 2017; Martinez-Cuadron et al., 2018). After
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incubation for 48 hours, red blood cells were lysed and
remaining cells were washed, labelled with fluorescent conju-
gated antibodies, and injected into the flow cytometer.
Briefly, after drug incubation, cells were labelled with 20 pl
of 1 x binding buffer plus Annexin-V fluorescein isothio-
cyanate and at least two of the best monoclonal antibodies
that unequivocally identified the pathological cells, referred
to as backbone reagents, according to EuroFlow panels (van
Dongen et al., 2012; Kalina et al., 2012). A series of 10 drugs
were selected for screening: cytarabine (Cyt, n = 74), idaru-
bicin (Ida, n = 74), fludarabine (Flu, n = 73), clofarabine
(Clo, n = 54), daunorubicin (Dau, n = 48), mitoxantrone
(Mit, n=49), etoposide (Eto, n = 42), amsacrine (Ams,
n = 29), 6-thioguanine (Thi, n = 24) and decitabine (Dec,
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n = 23). The response effect was measured as the number of
live pathological cells (LPCs) remaining in the presence of
varied drug concentrations after incubation for a given time
period, which was used to calculate dose—response curves.

Statistical analysis

The pharmacodynamics of each drug was evaluated via non-
linear models for repeated measurement data, based on Hill’s
equation using an individualised fitting approach. A four-pa-
rameter version of Hill’s equation was used for model fitting:
the number of LPCs after incubation in the absence of drug
(Ey), the maximum fractional decrease in LPC number that
the drug can elicit (E.y), the drug concentration exerting
half of the E,. (ECsp,), and a slope parameter (y) of the
drug concentration curve. The E,,,, values were constrained
within the range 0-1, and this was the range of individual
cell responses. After fitting, the data were normalised with
respect to the individually fitted E, values. This normalisa-
tion allowed for the calculation of the normalised area under
the curve (AUC,orm) of individual response profiles (the fit-
ted Hill curves) by numerical integration between the con-
centration points representing the 20th and 80th percentiles
of the distribution of the estimated individual ECs, values.
These AUC values were used to describe the ex vivo drug
effects. Larger AUC,,,m, values are indicative of resistance (as
they derive from higher ECs, values or lower E, ., values). In
addition, patients and tested drugs were clustered through a
bidimensional unsupervised procedure as per Ward’s method
using half-squared Euclidean distances as measures of dissim-
ilarity. The patients were grouped into three (multisensitive,
neutral and multiresistant) groups that were further

Pharmacology and Mutational Profiles are Prognostic for AML

aggregated into two [sensitive (multisensitive and neutral),
multiresistant] categories after the visual inspection of the
dendrograms and scree plots.

More details are given in supplementary Data S1, Statisti-
cal analysis.

Results

Mutational screening by NGS prediction of outcomes

A total of 264 non-recurrent somatic variants were detected
in 164/190 patients (86%) included in the sequencing study
with the NGS custom panel. A total of 217 of these variants
(82-2%) were single nucleotide variants (SNV), and the
remaining 47 (17-8%) were insertion/deletion variants. The
most frequently mutated genes in this series were NPMI
(28:6% of patients), DNMT3A (26:5%), TET2 (21-1%),
NRAS (19-5%) and FLT3 (25%) (Figure S1). Fifty-two of the
264 variants (19-7%) were predicted to be pathogenic as per
the Sorting Intolerant From Tolerant, Polymorphism Pheno-
typing v2 or CONDEL algorithms (Ng & Henikoff, 2003;
Adzhubei, Jordan & Sunyaev, 2013), and 151 out of 264
(57-2%) are described in the Catalogue of Somatic Mutations
in Cancer (COSMIC) database (Tate et al., 2019).

We found significant associations between the presence of
specific mutations and OS (data available for n = 185). The
risk of death was significantly greater in patients with muta-
tions in EZH2 [hazard ratio (HR): 2-44, 95% confidence
interval (CI): 1.27-4-86, P = 0-011], KMT2A (HR: 2-21, 95%
CI: 1-20-4-05, P = 0-011), U2AF1 (HR: 3-19, 95% CI: 1-47—
6-88, P =0-003) and TP53 (HR: 2-92, 95% CI: 1-78-4-79,
P <0-001) (Fig 1A-D) than in patients with non-mutated

(AA)I.OO J HR (95% CI): 2-44 (1-27-4-86) (B) 1-00 HR (95% CI): 2:21 (1:20-4-05)

2 P=0011 o) P=0011

S 075 & 075 4

g 050 _ EzHaNom-mut (5¢/175) "3 050 - — KmTr2ANonmUt (145,175,

2 3

g 025 4 ?6“ 025

© 000 —EzH2MUt (9/10) S 000 — KkMT2AMUt (12/13)

T T T T T T T T T T T T T T
0 24 48 72 9% 120 144 0 24 48 72 96 120 144
Follow-up time (Months) Follow-up time (Months)

(€) (D)
Fig 1. Kaplan—Meier overall survival curves in _ 100 4 HR (95% CI): 3-19 (1-47-6-88) ~ 100 1 HR (95% CI): 292 (1:78-4-79)
acute myeloid leukaemia (AML) patients classi- 3 P =0-003 '5 P <0-001
fied by mutational profile. Kaplan—-Meier é 075 4 & 075 1
curves of patients with individual adverse E T; Non-mut
mutational profile [mutation in the EZH2 (A), S 0-50 o _ U2AFNon-mut (110/177) E 0-50 4 —TP53 (97/159)
KMT2A (B), U2AFI (C) or TP53 (D) genes| 5 2
versus non-mutated patients. Number of cen- = 025 4 = 0254
sored patients with respect to the stratified g o
groups and the number at risk is indicated. P 5 000 — U2AFIMUt (78 5 0:00 4 —1Ps3MU 20126)
values are considered significant (<0-05). [Col- T T T T T T T T T T T T T T
our figure can be viewed at wileyonlinelibrary.c 0 24 48 72 9% 120 144 0 24 48 72 9% 120 144
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genes. Patients with at least one mutation in any of these
genes were considered to have an adverse mutational profile.
We evaluated the association of having an adverse mutational
profile (at least one mutation in EZH2, KMT2A, U2AFI and/
or TP53 genes) in the subgroup of patients who were
included in the chemosensitivity study with OS and we con-
sistently found a significantly greater risk of death (HR: 3-29,
95% CI: 1-78-6-08, P < 0-0001) (Figure S2).

Cytogenetic classification (ELN 2010 criteria) was also
evaluated, and no significant differences were found in OS
for the complete cohort (n =190, P =0-08) or for the
ex vivo study (n = 74, P = 0-88).

Cytarabine ex vivo assay, clinical response and OS

Since all patients included in the ex vivo PharmaFlow study
had received cytarabine, albeit with a second drug, the corre-
lation between the activity of cytarabine in these patient sam-
ples, patients’ clinical response and OS was studied. We
found a significant correlation between the ex vivo classifica-
tion and clinical response to induction therapy: 22/35 (63%)
patients classified as resistant ex vivo did not respond clini-
cally to induction therapy, and 29/39 (74%) patients classified
as sensitive ex vivo showed a clinical response. The overall
correlation was correct for 51 out of 74 patients (69%) and
the association was significant (P = 0-001, Table II).

In total, 35 patients were classified as resistant to cytara-
bine in the PharmaFlow study. The risk of death was signifi-
cantly higher among these patients than in those classified as
sensitive to cytarabine (HR: 1.91; 95% CI. 1-06-3-43;
P = 0-030; supplementary Figure S3).

Interrelationships between mutational and ex vivo
sensitivity profiles

The presence of specific gene mutations was compared
between groups of patients classified as resistant or sensitive
to particular drug assays, to search for relationships between
these two experimental readouts. As expected, there were
large differences in AUC,,,, values between sensitive and
resistant patients in selected drug—gene pairs. For example,

Table II. Cytarabine ex vivo assay correlation.

patient samples containing KMT2A mutations were more
sensitive to idarubicin (median AUC,., values: 7-78 vs.
40-12, P = 0-001, Fig 2A) and fludarabine (12-16 vs. 38-45,
P = 0-044, Fig 2B) than non-mutated samples. Similarly,
patient samples with the FLT3-ITD mutation were more sen-
sitive to daunorubicin than non-mutated FLT3-ITD samples,
with significant differences in AUC,,, between the groups
(9-85 vs. 35-88, P =0-007, Fig 2C). Also, patient samples
with the FLT3-SNV mutation were more sensitive to 6-
thioguanine than non-mutated patient samples (9-69 vs.
39-6, P = 0-044, Fig 2D). In addition, patient samples with
mutated NPMI had a greater sensitivity to mitoxantrone
than non-mutated NPMI samples (1429 vs. 42-58,
P =0-029, Fig 2E) and a similar finding was observed for
amsacrine (26-22 vs. 57-20, P = 0-031, Fig 2F).

Conversely, the presence of some mutations was associated
with ex vivo drug resistance. For example, patients with TP53
mutations had significantly higher AUC,,,,,, values than non-
mutated patients for fludarabine (52-36 vs. 26-97, P = 0-044,
Fig 2G) and mitoxantrone (90-83 vs. 37-43, P = 0-045, Fig
2H). Also, U2AF] mutations were associated with signifi-
cantly higher AUC,,, values for amsacrine (70-33 vs. 3377,
P =0-032, Fig 2I) and 6-thioguanine (89-22 vs. 2243,
P =0-047, Fig 2J). Likewise, patients with mutations in
IDH2 or EPOR had significantly higher AUC,,,, values for
cytarabine than patients with non-mutated genes (IDH2:
56-80 vs. 19-19, P = 0-049, Fig 2K; EPOR: 57-20 vs. 19-48,
P = 0-043, Fig 2L).

Overall, these results suggest that the differences of ex vivo
chemosensitivity can be partially explained by the presence of
certain somatic mutations in malignant cells.

Multiresistance in the chemosensitivity ex vivo assay
confers an adverse prognosis

The inter-individual variation of the pharmacodynamic
parameters derived from the standard Hill dose-response
curves was large. For example, the logECs, values for cytara-
bine ranged from —1-89 to 4-07 (median: 0-70). A complete
description of the estimated pharmacologic parameters is
shown in supplementary Table SII. This large variability

Clinical response

RESISTANT SENSITIVE
Ex vivo response RESISTANT 22 (30 %) 13 (17:5%) PPV 63 % n = 35 (47 %)
SENSITIVE 10 (13-5 %) 29 (39 %) NPV 74-4 % n =39 (53 %)
n =32 (43 %) n =42 (57 %) 69 %
SENSITIVITY SPECIFICITY
68-8 % 81-5 %

Correlation of ex vivo response with clinical outcome. For clinical response, complete remission was considered as sensitive response; and partial

remission, refractoriness or death by toxicity was considered as resistant response. For ex vivo evaluation, an AUC value <21-4 (cut-off obtained

from ROC curve) is considered as a sensitive response and an AUC value >21-4 as a resistant response. PPV, positive predictive value; NPV, neg-

ative predictive value.
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Fig 2. Mutational status-modified pharmacological response. On theleft, box plots of AUC,,, values focus on sensitive patients in selected
drug—gene pairs. Patients with a mutation in KMT2A (red) have greater sensitivity to idarubicin (A) with a median AUC,,,,, of 40-12 vs. 7-78
(P =0:001, n = 74) and fludarabine (B) with a median AUC,,, of 38:45 vs. 12:16 (P = 0-044, n = 73) with respect to non-mutated patients
for KMT2A (green). Patients with a mutation in FLT3-ITD (red) are more sensitive to daunorubicin (C) with an AUC,,,,,,, median of 35-88 vs.
9-85 (P = 0-007, n = 48) with respect to non-mutated patients for FLT3-ITD (green). Patients mutated in FLT3-SNV (red) have a higher sensitiv-
ity to 6-thioguanine (D) with a mean AUC,,;m, of 39-6 vs. 9:69 (P = 0-044, n = 24) with respect to non-mutated patients for FLT3-SNV (green).
Patients mutated in NPM1 (red) have a greater sensitivity to mitoxantrone (E) with an AUC,,,,, median of 42-58 vs. 14-29 (P = 0-029, n = 49)
and amsacrine (F) with a mean AUC,,,,,, of 57-20 vs. 26-:22 (P = 0-031; n = 29) compared with non-mutated patients for NPM1 (green). On the
right, box plots of AUC,,,;, values focus on resistant patients in selected drug—gene pairs. Patients mutated in TP53 (red) have lower sensitivity
to fludarabine (G) with an AUC,,,m median of 26:97 vs. 52:36; (P = 0-044, n = 73) and mitoxantrone (H) with a mean AUC,,, of 37-43 vs.
90-83 (P = 0-045; n = 49) with respect to non-mutated patients for TP53 (green). Patients mutated in U2AFI (red) have lower sensitivity to
amsacrine (I) with an AUC,,,,, median of 33-77 vs. 70-33 (P = 0-032, n = 29) and 6-thioguanine (J) with a median AUC,,,,, of 22-43 vs. 89-22
(P = 0-047; n = 27) with respect to non-mutated patients for U2AFI (green). Patients mutated in IDH2 have lower sensitivity to cytarabine (K)
with AUC,;m median of 19:19 vs. 56-80 (P = 0-049; n = 74) compared with non-mutated patients for IDH2. Patients mutated in EPOR have
lower sensitivity to cytarabine (L) with a median AUC,,,,, of 19-48 vs. 57-20 (P = 0-043; n = 74) with respect to non-mutated patients for EPOR.
[Colour figure can be viewed at wileyonlinelibrary.com|]

facilitated the classification of sensitive and resistant samples drugs studied were not evaluated in all patient samples sys-
for each drug, as samples showed an extreme sensitive or tematically, we used clustering analysis to study the activities
extreme resistant profile if the individual AUC,,o,p,, value was of several drugs evaluated in different samples.

above the 80th AUC,,,,, population percentile for this group The clustering analysis identified 23 patients with a mul-
or below the 20th percentile, respectively. Because the 10 tiresistant (MR) profile, labelled with an adverse
© 2020 British Society for Haematology and John Wiley & Sons Ltd 677
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chemosensitivity profile. These patients had a significantly
greater risk of death as compared with the remaining 51
patients who had a favourable chemosensitivity profile (mul-
tisensitive or mneutral) (HR: 2:09, 95% CI: 1-14-3-82;
P = 0-017; Fig 3).

This cluster analysis also identified three homogeneous
groups of drugs that were generally consistent with their
mechanisms of action (Fig 4, left). Accordingly, the topoiso-
merase inhibitors daunorubicin, mitoxantrone, etoposide,
amsacrine and idarubicin grouped together in the same
branch, whereas the nucleic acid inhibitors cytarabine, flu-
darabine and clofarabine grouped into another branch. By
contrast, the topoisomerase inhibitor decitabine and the
nucleic acid inhibitor 6-thioguanine were located together in
a separate branch.

To assess whether mutational status and clinical data cor-
related with clustered drug response groups, the most rele-
vant mutated genes in AML were examined (Fig 4, right).
Mutations in FLT3 (ITD and/or SNV) NPMI1, DNMT3A,
IDH1/2, KIT, NRAS, TET2 and TP53 were found equally in
all three groups. However, the multisensitive group was the
only group that presented mutated KMT2A and the only
group without mutations in EPOR, EZH2, RUNXI, or
U2AF]I. Analysis of clinical characteristics showed there were
no differences between ex vivo groups with regards to AML
type, prognosis or cytogenetic risk. However, we observed
that the multiresistance ex vivo group included patients who
showed partial remission or resistance to induction therapy.

Mutational and pharmacological profiles in combination
improve clinical outcome prediction

As described previously, adverse mutational or adverse
chemosensitivity profiles were associated with adverse

100 HR (95% CI): 2:09 (1-14-3-82)
2 P=0017
075
s
2 S
2 0-50 4 — exvivo (28/51)
2
g 0-25
o . MR
000 4 — X VIVO (18/23)

T T T T
0 12 24 36 48 60 72
Follow-up time (Months)

Fig 3. Kaplan—Meier overall survival curves in acute myeloid leukae-
mia (AML) patients classified by ex vivo profile. AML patients were
classified as sensitive (ex vivo®, n = 51) or multiresistant (ex vivo™~,
n = 23) depending on the response of a series of 10 anti-leukaemia
drugs. The number of censored patients with respect to the stratified
groups and the number at risk and hazard ratio (HR) of risk with a
95% confidence interval is indicated. P values are considered signifi-
cant (<0-05). [Colour figure can be viewed at wileyonlinelibrary.c
om]

678

outcomes (shorter OS and drug resistance). The relative con-
tributions of mutational and pharmacological data to predict
OS were explored in a multivariate Cox model. Having an
adverse chemosensitivity profile (multiresistance group) was
independently associated with mortality risk (HR: 2-09, 95%
CIL: 1-14-3-82, P = 0-017), as was the presence of mutations
in KMT2A (HR: 3-49, 95% CI: 1-16-10-45, P = 0-026) or
TP53 (HR: 3-23, 95% CI: 1-36-7-70, P = 0-008) genes. The
U2AF] and EZH2 genes were not significantly associated
with OS and were not included in the final model.

The prognostic index derived from the Cox model was
regarded as an overall risk custom score that integrated the
information from both chemosensitivity and mutational pro-
files. This overall risk score was dichotomised after construct-
ing the ROC curve against the observed clinical response,
and the optimal cut-off point for such dichotomisation was
established at 2-02. Patients with risk scores above and below
this threshold were considered to have an overall adverse and
favourable profile, respectively. The risk of death was greater
among patients with an overall adverse profile than in
patients with an overall favourable profile (HR: 3-40, 95%
CI: 1-69-6-84, P < 0-001; Fig 5A).

Finally, Fig 5B shows the OS and risk of death classifica-
tion combining both mutational profile (MUT'/MUT") and
PharmaFlow multiresistant profiles (MR'/MR"). The risk of
death was greater in patients who had adverse mutational
and multiresistant profiles (MUT"/MR"; HR: 4-82, 95% CI:
1.76-13-25, P = 0-002) than in the group of patients without
mutational or multiresistant features, separately or together.
Also, patients showing only an adverse mutational profile
had a greater risk of death than patients without an adverse
mutational profile (MUT"/MR; HR: 4-19, 95% CI: 1-89—
9-27, P < 0-001), and patients with the presence only of an
MR profile (MUT /MR") showed a greater risk of death than
patients without an MR profile (HR: 2-58; 95% CI: 1-24—
5.34, P = 0-011).

Discussion

Precise methods to predict resistance to standard therapy
are needed to properly evaluate alternative treatments for
AML. (Walter et al, 2015) The present study has estab-
lished that the identification of somatic mutations by NGS
in patients with AML can be combined with the informa-
tion from ex vivo chemosensitivity assays to help predict
clinical response in AML before starting induction therapy,
to identify patients resistant to induction treatment as well
as those with a worse outcome. In addition, the parallel
evaluation of ex vivo drug-resistant patterns and genetic
variations might reveal new insights into the mechanisms of
drug resistance.

The use of allelic variants as molecular markers with pre-
dictive value is increasing as a criterion to monitor the pro-
gression of tumours and the emergence of resistance, both
at the beginning and during the treatment. Indeed, the

© 2020 British Society for Haematology and John Wiley & Sons Ltd
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advances in genomics focussed on cancer allow the identifi-
cation of mutations even when they are present at very low
allelic frequency, both at the beginning of the disease or
acquired later, which confer resistance to various drugs.
Molecular markers along with the patients’ age, secondary
AML, high white blood cell count and cytogenetic alter-
ations are all associated with resistance to treatments (Wal-
2015). In this latest ELN
recommendations incorporate the mutations in six genes
(FLT3, NPMI, CEBPA, RUNXI, TP53 and ASXLI) among
the genetic prognostic factors of AML (Dohner et al,

ter et al, regard, the

2017). Nevertheless, prognostic assessment of AML remains
challenging given the high degree of molecular complexity
and heterogeneity, and the identification of patients with
chemo-refractory disease is difficult (Walter et al., 2015).
On the other hand, the inter-individual variability of
ex vivo chemosensitivity profiling has previously been
related to genomic changes in AML, suggesting a complex
interdependence between the genomic makeup and drug
response related to variations of clonal composition of the
tumoural load following drug exposure, although functional
studies are warranted. (Pemovska et al., 2013a).

We observed interrelationships between mutational and
ex vivo sensitivity profiles. In particular, higher ex vivo sensi-
tivity was observed in patients mutated in KMT2A in idaru-
bicin and fludarabine assays, in patients mutated in FLT3 in

680

72

48 60 7 off was established using ROC curve analysis.
Sensitive patients (Score’, n = 61) showed
higher overall survival (OS) than resistant
patients (Score®, n = 13). The number of cen-
sored patients with respect to the stratified
groups and the number at risk and hazard
ratio (HR) of risk with a 95% confidence inter-
val is indicated. P values are considered signifi-
cant (<0-05). (B) The graph displays overall
survival according to the presence of mutations
in the EZH2, KMT2A, U2AFI and/or TP53
genes (Mut") or not (Mut") in combination
with the ex vivo multiresistant profile status
(MR" or MR") determined by 10-set assay, at
diagnosis. The number of censored patients
with respect to the stratified groups and the
number at risk is indicated. P values are con-
sidered significant (<0-05). [Colour figure can
be viewed at wileyonlinelibrary.com]

daunorubicin and 6-thioguanine assays, and in patients
mutated in NPMI in mitoxantrone and amsacrine assays.
Conversely, lower sensitivity ex vivo was observed in patients
mutated in TP53 in fludarabine and mitoxantrone assays, in
patients mutated in U2AFI in amsacrine and 6-thioguanine
assays, in patients mutated in IDH2 in cytarabine assay, and
in patients mutated in EPOR in cytarabine assays. These
results are novel as previous studies have only found rela-
with
monotherapy) as opposed to our study using standard treat-

tionships targetted treatments (not approved in
ments approved in clinical protocols (Pemovska et al.,
2013b). This leads us to postulate that functional changes
identified by known biomarkers might play a key role in the
mechanisms underlying drug resistance. However, one limita-
tion in the present study is that the mechanisms of action of
the evaluated drugs are not exclusive to a specific molecular
target and functional studies become complex, similar to the
reported functional studies where interrelated new clinical
drugs with the respective target landscape are needed (Klae-
ger et al., 2017).

Remarkably, we were able to develop a custom integrated
risk score based on both pharmacological and mutational
information that could identify a subgroup of patients with
an adverse prognosis. To our knowledge, this is the first
study where a combined prognostic score was derived in a
series of AML patients treated homogeneously, obtaining

© 2020 British Society for Haematology and John Wiley & Sons Ltd
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both correlations with clinical and outcome results (unlike
previously published works) (Pemovska et al., 2013b). More-
over, the risk score was developed considering survival time,
a hard clinical endpoint that was pinpointed as one of the
standards against which ex vivo chemosensitivity tests had
not been validated previously (Staib et al., 2005). The risk
score outperformed risk classification done exclusively on
molecular grounds as well as the established ELN risk classifi-
cation when applied in this same set of patients.

Regarding the prediction capacity of resistance to induc-
tion treatments evaluating several tests at once, we identified
the multiresistant ex vivo pattern for the first time as a
powerful drug resistance marker (predicts 68-8%) with
greater specificity than the PharmaFlow test when a single
drug was considered (81-5% vs. 68-4%). We also observed
that mutational status was correlated with the clustered drug
response groups: the multisensitive ex vivo group showed no
mutations in EPOR, EZH2, RUNXI or U2AFI, and was the
only group that presented mutated KMT2A. Nevertheless,
mutations in FLT3 (ITD and/or SNV) NPMI1, DNMT3A,
IDH1/2, KIT, NRAS, TET2 and TP53 were found in all
three groups equally. Of note, NPMI mutations were
included in the multiresistant ex vivo group, and these
patients had partial responses to induction treatment. Multi-
ple PharmaFlow assays should be routinely considered in
the analysis of drug resistance, in the same way that multi-
gene markers are recommended in the analysis of pharma-
cogenomic data to identify drug-sensitive tumours
(Naulaerts, Dang & Ballester, 2017). A better accuracy in
resistance detection is a priority to optimise treatments and
improve outcomes.

Regarding the prediction of survival, an unusual number
of patients resistant to induction therapy was detected (43%)
in our cohort, which could be due to the inclusion of 24%
of patients receiving low-intensity treatment (FLUGA).
Patients with a multiresistant profile in the ex vivo test pre-
sent worse survival than patients with neutral/sensitive profile
(HR 2:58 vs. 1:91). The high-risk mutational profile confers
great weight in the prediction of cases with worse survival
(HR 4-19) and is slightly improved with the inclusion of the
ex vivo multiresistant pattern (HR 4-82).

Drug resistance is considered to underlie most chemother-
apy failures in AML. However, since the drugs are usually
given in combination, it is difficult to identify the individual
drug responsible for therapeutic failure. Accordingly, an effi-
cient ex vivo chemosensitivity test could be of enormous ben-
efit in such an identification, and would also help in
selecting alternative drugs that could potentially improve the
response rate and minimise toxicity. Despite the great efforts
in developing chemosensitivity tests for many years and the
promising results obtained in tailored trials to validate their
use in clinical practice, there remains a lack of actionable,
robust tests that can be readily used to guide therapeutic
decisions in routine practice (Jun et al., 2007). In this way,
we detected patients that despite having multiresistance show

© 2020 British Society for Haematology and John Wiley & Sons Ltd
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sensitivity to other drugs such as clofarabine (Clo) and flu-
darabine (Flu), as alternative therapies.

The principal limitation of the present study is the lack of
ex vivo chemosensitivity data from the remaining 116 patients.
This reduced the statistical power to detect candidate genes in
the Cox model used to produce the risk score. While muta-
tional profiling is common in the workup of AML, the imple-
mentation of ex vivo sensitivity drugs is difficult and their
application to clinical practice is not easy. Future studies
should address the relationships between drug resistance and
specific genetic biomarkers within clinical trials, which would
allow the establishment of individualised risk profiles.

We believe that the combined test could guide therapeutic
options in an effective manner, and patients could be pre-
vented from ineffective treatment lines or have more oppor-
tunity to start more sensitive treatments a priori. Regarding
the economic aspects, the cost of the complete test is equiva-
lent to that of any flow cytometry test and NGS test. We
estimated the cost of NGS sequencing for targetted gene pan-
els at €500 and the cost of multiparametric flow cytometry at
€1000. In addition, the current recommendations attempt to
wait for the result to properly guide treatment. This study
does not require more time than is necessary for the current
recommendations. The results obtained show that the com-
bined test could guide treatments in an effective manner,
especially in the case of resistance detection.

Conclusion

We have developed a new score based on personalised testing
to identify individual drug resistance and also to improve
current early risk stratification and predictive outcomes for
patients with AML. Our score combines innate resistance to
chemotherapy ex vivo with known mutational analysis. Ex
vivo drug sensitivity testing can capture some information
regarding mutations with unknown significance not other-
wise captured in NGS, but that may be playing an important
role in the disease. However, it would be necessary to vali-
date these results in a prospective study before including this
score in decision-making in clinical practice.
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