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ABSTRACT
In adult patients, the treatment outcome of acute lymphoblastic leukemia (ALL) remains suboptimal. Here, we used an ex vivo drug 
testing platform and comprehensive molecular profiling to discover new drug candidates for B-ALL. We analyzed sensitivity of 18 primary 
B-ALL adult patient samples to 64 drugs in a physiological concentration range. Whole-transcriptome sequencing and publicly avail-
able expression data were used to examine gene expression biomarkers for observed drug responses. Apoptotic modulators targeting 
BCL2 and MDM2 were highly effective. Philadelphia chromosome–negative (Ph–) samples were sensitive to both BCL2/BCL-W/BCL-
XL-targeting agent navitoclax and BCL2-selective venetoclax, whereas Ph-positive (Ph+) samples were more sensitive to navitoclax. 
Expression of BCL2 was downregulated and BCL-W and BCL-XL upregulated in Ph+ ALL compared with Ph– samples, providing eluci-
dation for the observed difference in drug responses. A majority of the samples were sensitive to MDM2 inhibitor idasanutlin. The regula-
tory protein MDM2 suppresses the function of tumor suppressor p53, leading to impaired apoptosis. In B-ALL, the expression of MDM2 
was increased compared with other hematological malignancies. In B-ALL cell lines, a combination of BCL2 and MDM2 inhibitor was 
synergistic. In summary, antiapoptotic proteins including BCL2 and MDM2 comprise promising targets for future drug studies in B-ALL.

INTRODUCTION

The treatment of acute lymphoblastic leukemia (ALL) has 
evolved rapidly during the recent decade.1 The expanding use 
of modern sequencing techniques has elaborated the genetic 
background of ALL and helped to define new subtypes, such as 

Philadelphia chromosome–like subtype of B-cell ALL (Ph-like 
ALL).2 Novel immunotherapeutic approaches, such as bispecific 
T-cell engaging antibodies, antibody-drug conjugates, and chi-
meric antigen receptor T-cell therapy, have achieved encouraging 
results in relapsed or refractory ALL.3–5 In addition, other novel 
targeted therapies, such as the third generation tyrosine kinase 
inhibitor (TKI) ponatinib and allosteric inhibitor asciminib 
(ABL001) are being introduced to Ph-like ALL and Philadelphia 
chromosome–positive (Ph+) ALL.6,7 Despite this progress, a sig-
nificant fraction of adult patients still succumbs to leukemia or 
treatment-related events. Especially the treatment of elderly ALL 
patients remains challenging, as intensive chemotherapy regimens 
or allogeneic hematopoietic stem cell transplantation (alloHSCT) 
are frequently not suitable for nonfit patients.8 There is an urgent 
need for less toxic, yet effective treatment alternatives.

Our aim was to understand the potential value of new or repur-
posed drugs in the treatment of adult B-cell ALL using a well-es-
tablished ex vivo drug sensitivity and resistance testing (DSRT) 
platform that included 64 selected drugs in 5 different concentra-
tions. We also tested the most interesting drug combinations in 
selected B-ALL cell lines. In addition, whole-transcriptome sequenc-
ing (RNAseq) and publicly available expression data was used to 
dissect the molecular background underlying drug responses.

MATERIALS AND METHODS

Patients
We obtained diagnostic-phase, pretreatment bone mar-

row (BM) samples from the Finnish Hematology Registry 
and Clinical Biobank (FHRB, fhrb.fi) with appropriate ethics 

1Translational Immunology Research Program, University of Helsinki, Finland
2Hematology Research Unit Helsinki, University of Helsinki, and Department of 
Hematology, Helsinki University Hospital Comprehensive Cancer Center, Helsinki, 
Finland.
3Laboratory of Genetics, HUS Diagnostic Center, Hospital District of Helsinki and 
Uusimaa (HUS), Helsinki, Finland
4Medical and Clinical Genetics, University of Helsinki, Helsinki University Hospital, 
Helsinki, Finland
5iCAN Digital Precision Cancer Medicine Flagship, Helsinki, Finland
6Clinical and Chemical Pathology Department, National Cancer Institute, Cairo 
University, Giza, Egypt
7Institute for Molecular Medicine Finland, University of Helsinki, Finland
8Institute of Pharmacology and Toxicology, University of Veterinary Medicine 
Vienna, Austria
9Department of Clinical Chemistry, University of Helsinki, Finland
Supplemental digital content is available for this article.
Copyright © 2022 the Author(s). Published by Wolters Kluwer Health, Inc. 
on behalf of the European Hematology Association. This is an open-access 
article distributed under the terms of the Creative Commons Attribution-Non 
Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is permissible 
to download and share the work provided it is properly cited. The work cannot be 
changed in any way or used commercially without permission from the journal.
HemaSphere (2022) 6:3(e701). 
http://dx.doi.org/10.1097/HS9.0000000000000701.
Received: May 7, 2021 / Accepted: February 7, 2022

mailto:satu.mustjoki@helsinki.fi
mailto:kimmo.porkka@helsinki.fi
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1097/HS9.0000000000000701


2

Hohtari et al Drug Testing in B-ALL

approval. All available diagnostic-phase samples that repre-
sented adult B-ALL were requested from the FHRB. We used 
viably frozen BM mononuclear cells (MNC) for DSRT analy-
sis and BM MNC pellets for RNAseq. More details are found 
in Suppl. Methods. Patient characteristics are listed in Suppl. 
Table S1, as well as results from Archer FusionPlex fusion gene 
screening. The study was conducted in accordance with the 
Declaration of Helsinki and the Helsinki University Hospital 
Ethical Committee.

Drug sensitivity and resistance testing
Initially we received 31 samples from the FHRB, of which 

13 samples (Ph+ ALL, n = 3; Philadelphia chromosome neg-
ative [Ph–] ALL, n = 10) were discarded due to low cell via-
bility. Altogether, 18 adult B-ALL samples were subjected to 
DSRT analysis (Ph+ ALL, n = 10; Ph– ALL, n = 8). A custom 
drug plate with 64 different drugs in 5 different concentra-
tions covering a 10 000-fold concentration range was designed 
for DSRT. A detailed design of the custom drug plate can be 
found in Suppl. Table S2. An elaborate DSRT protocol has 
been published earlier,9 and the experiment was performed 
accordingly and as indicated in the Suppl. Methods. Cell via-
bility readouts were used to calculate drug sensitivity score 
(DSS).10 DSS measures the area under the dose response curve 
and takes into account both drug efficacy and potency. Drugs 
with DSS scores >10 were considered effective and DSS > 20 
as highly effective.

Target addiction scoring
Since drug responses are complex events and can result from 

interplay of multiple factors, DSRT data were also analyzed 
using a targeted addiction score (TAS) approach that combines 
drug sensitivity profiles with drug-target interactions and covers 
both known on-target and off-target effects of the tested drugs.11 
Details of TAS analysis are described in Suppl. Methods.

Whole-transcriptome sequencing and data analysis
As 2 of the DSRT patients did not have BM MNC pellets for 

RNA extraction, 16 samples (Ph+ ALL, n = 9; Ph– ALL, n = 7) 
were analyzed using RNAseq. Construction of RNAseq libraries 
and processing of RNAseq data were performed as previously 
described,12 and as indicated in Suppl. Methods.

Archer FusionPlex Pan-Heme Kit
We analyzed 7 of the patient samples with Archer FusionPlex 

Pan-Heme Kit (ArcherDX, Boulder, CO) to characterize fusion 
genes in them. Six of these 7 samples were analyzed with 
RNAseq, as well. In addition to point mutations, the FusionPlex 
Pan-Heme Kit can identify both known and novel fusions in 
fusion panel target genes as well as deletions in IKZF1. The 
details of this assay are found in Suppl. Methods.

Public databases
Microarray expression data were obtained from the 

European Bioinformatics Institute’s ArrayExpress database 
(http://www.ebi.ac.uk/arrayexpress).13 We used E-MTAB-5035 
accession that includes 96 Ph– and 41 Ph+ adult B-ALL 
patients measured with Affymetrix Human Genome U133 
Plus 2.0 Microarray. In addition, we analyzed publicly avail-
able transcriptome sequencing data from St Jude PeCan Data 
Portal (https://pecan.stjude.cloud) from a study published by 
Gu et al.14 The analyzed cohort comprised of 670 adult and 
adolescent patients, including 83 Ph+ ALL cases. Median age 
in the cohort was 40 years (range 16–79). We included only 
subgroups with more than 20 patients for the analyses. For 
comparing cell type prediction results, we analyzed data from 
HEMAP pre-B-ALL cohort (hemap.uta.fi).15 The analyzed 
HEMAP cohort included 1300 patients with pre-B-ALL, the 

vast majority being pediatric cases. In addition, we analyzed 
MDM2 expression in all HEMAP samples.

Cell lines and drug combination testing
To test the most interesting drug combinations, we analyzed 

selected B-ALL cell lines, that represented BCR-ABL1-positive 
ALL (NALM-21), BCR-ABL1-negative B-ALL (Kasumi-2), and 
BCR-ABL1-like ALL (MHH-CALL-4). The tested combinations 
were dasatinib+venetoclax, dasatinib+navitoclax, dasatinib+i-
dasanutlin, venetoclax+idasanutlin, and navitoclax+idasanutlin. 
The treatment of the cell lines is described in detail in Suppl. 
Methods, and the concentrations of the tested combinations are 
found in Suppl. Table S3. Each compound was tested in 5 differ-
ent concentrations covering a 10 000-fold concentration range.

Bioinformatics and statistical analyses
Details of bioinformatics and statistical analyses are found in 

Suppl. Methods and in corresponding figure legends.

RESULTS

Genetic characteristics of the B-ALL patient cohort used in the drug 
testing

Our RNAseq cohort included 9 Ph+ ALL and 7 Ph– ALL 
patients. Analysis of the RNAseq data verified BCR-ABL1 fusion 
genes in all known Ph+ patients. In principal component analy-
sis, Ph+ samples clustered together in the first variance compo-
nent along with samples from Ph– patients Pt_4 and Pt_1 (Suppl. 
Figure S1A). In Pt_4, RNAseq revealed a MEF2D-CSF1R fusion 
gene, a fusion known in ALL to activate tyrosine kinase pathway 
and to cause a Ph-like transcriptional signature.16 Pt_1, in turn, 
was identified to carry a FLT3 kinase point mutation Y842H 
based on transcript variant analysis. In B-ALL, FLT3 mutations 
are classified to Ph-like subtype explaining the clustering together 
with Ph+ samples. All key mutations are depicted in Figure 1, 
and additional variants in commonly mutated genes in leukemia 
that were called from RNAseq are shown in Suppl. Figure S1B. 
RNAseq quality control values are assembled to Suppl. Table S4. 
FusionPlex Pan-Heme Kit results are listed in Suppl. Table S1.

Ex vivo drug testing assay revealed Pan-ALL and subtype-specific 
drug responses

In the ex vivo drug sensitivity testing on primary leukemic 
cells glucocorticoids (especially dexamethasone), BCL2 fam-
ily inhibitors venetoclax and navitoclax, belinostat (histone 
deacetylase inhibitor), daporinad (nicotinamide phosphoribos-
yltransferase [NAMPT] inhibitor), idasanutlin (MDM2 inhib-
itor), JQ1 (bromodomain and extra-terminal motif  inhibitor), 
luminespib (HSP90 inhibitor), and plicamycin (antineoplastic 
antibiotic) were broadly effective (Figure 1 and Suppl. Figure 
S2). For the other drugs, including TKIs, we found great vari-
ability with only individual patients being sensitive, reflecting 
the diverse molecular background of ALL.

We applied TAS analysis to our drug testing data to obtain 
more information of the druggable protein targets behind 
the observed drug responses. TAS analysis was well in accor-
dance with the observed drug responses as histone deacetyl-
ase, NAMPT, BCL-XL (BCL2L1), MDM2, and HSP90 class 
gene targets were highly addicted. Target genes identified by 
TAS were highly expressed throughout the samples (Suppl. 
Figure S3).

Sensitivity to tyrosine kinase inhibitors clustered patients in the drug 
data

In the heatmap analysis, patients were grouped into 2 main 
clusters. This clustering was mainly driven by ABL1-targeting 
TKIs which clustered together among all tested drugs (Figure 1). 
The clustering was not clearly affected by patient age, survival, 
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or somatic mutations by visual inspection. Four Ph+ patients, 
Pt_2, Pt_8, Pt_9, and Pt_16, were unexpectedly resistant to 
ABL1-targeting TKIs. Pt_8 had borderline cell viability after 
72 hours incubation and Pt_2 had relatively low blast count 
(60%) in the diagnostic sample, which may explain the mod-
erately low TKI sensitivities in these 2 samples. Pt_9 and Pt_16 
had high blast counts, good cell viability, and did not share any 

common features besides Ph+. Of these 4 patients, only Pt_16 
has relapsed, whereas the other 3 have remained in remission.

In addition, a Ph– like ALL sample with an ETV6-ABL1 fusion 
(Pt_6) was sensitive to several ABL1-targeting TKIs (dasati-
nib DSS = 27.6, ponatinib DSS = 20.1, nilotinib DSS = 15.3,  
bosutinib DSS = 19.9, axitinib DSS = 12.1), similarly as Ph-like 
Pt_4 with MEF2D-CSF1R fusion (dasatinib DSS = 18.1, 

Figure 1.  Heatmap showing the custom drug plate results. Philadelphia chromosome-positive patients (n = 10) are annotated in red, Philadelphia 
chromosome-negative patients in blue (n = 5), and Philadelphia-like patients in light green (n = 3). In addition, BCR-ABL1 transcript type, relapse status, and 
key mutations defined from RNAseq data are shown in additional tracks. Drug potency and efficacy are color-coded according to DSS. If DSS >10, drug has 
efficacy, and if DSS >20, drug has excellent efficacy. Clustering by Euclidean distance measurement and complete clustering method. Drugs that were used in 
combination assays are marked with a red asterisk. DSS = drug sensitivity score.
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imatinib DSS = 15.2, ponatinib DSS = 15.2, nilotinib DSS = 15.4,  
bosutinib DSS = 10.9). The third Ph– like ALL patient sam-
ple with FLT3 kinase point mutation (Pt_1) was sensitive to 
broad-spectrum kinase inhibitor ponatinib (DSS = 16) and to 
FLT3 inhibitor sunitinib (DSS = 15.7).

MDM2 inhibitor idasanutlin and BCL2 inhibitors navitoclax and 
venetoclax were highly effective in B-ALL samples

Almost all patient samples (16/18, 89%) were highly sensitive 
(DSS > 20) to navitoclax, a BCL2, BCL-XL, and BCL-W inhib-
itor (Figure  2A). BCL2-inhibitor venetoclax was also highly 
effective (DSS > 20) in 28% (5/18) of the samples, and moder-
ately effective (DSS > 10) in 83% (15/18) samples. Unexpectedly, 
Ph+ samples were markedly less sensitive to venetoclax than 
Ph– samples (Mann-Whitney U test, P = 0.033) (Figure 2B).

Another apoptosis-promoting drug, MDM2 inhibitor idasa-
nutlin showed high efficacy (DSS > 20) in 67% of the patient sam-
ples (12/18), and 83% (15/18) responded to the drug (DSS > 10).  
Patient sample with a TP53 mutation (Pt_15) was resistant to 
the drug, as expected based on the mode of action of the drug 
(Figure  1 and Suppl. Figure S1B). No difference in responses 

was observed between Ph+ and Ph– ALL patients (Figure 2C). 
Another MDM2 inhibitor SAR405838 was less effective than 
idasanutlin (DSS>20 in 22% [4/18 samples] and DSS>10 in 
78% (14/18 samples); Figure 2D).

BCL-W was upregulated and BCL2 downregulated in Ph+ ALL, 
driving the responses to venetoclax and navitoclax

To explore the biological determinants behind the differences 
in the BCL2-inhibitor responses between Ph– and Ph+ ALL 
patients, we analyzed 2 large publicly available gene expres-
sion datasets.13,14 BCL2 expression was downregulated in Ph+ 
patients compared with Ph– patients in both E-MTAB-5035 
(P = 0.0002) and B-ALL 1988 cohorts (Figure  3A, B). BCL-
W expression was higher (P = 0.0004) in Ph+ patients in the 
E-MTAB-5035 cohort and trended towards higher expression 
in the B-ALL 1988 cohort (Figure  3C, D). There was also a 
trend for BCL-XL upregulation in Ph+ patients in both cohorts 
(Figure  3E, F). MDM2 expression was significantly higher in 
Ph+ patients in both cohorts (Suppl. Figure S4). When explor-
ing MDM2 expression in an additional database (HEMAP),15 
MDM2 was clearly overexpressed in B-ALL compared with 

Figure 2.  The efficacy of BCL2 and MDM2 inhibitors in Philadelphia chromosome-positive and negative samples. DSS for (A) navitoclax, (B) vene-
toclax, (C) idasanutlin, and (D) MDM2-inhibitor SAR405838 in Philadelphia chromosome-positive (n = 10) and negative (n = 8) ALL patient samples. Group 
differences tested with Mann-Whitney U test. DSS = drug sensitivity scores; Ns, not significant.
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other hematological malignancies, supporting the strong idasa-
nutlin responses in our drug panel (Suppl. Figure S5).

Figure  4A summarizes the gene expression of the known 
venetoclax, navitoclax, and idasanutlin drug targets in our 
patient samples and the corresponding drug sensitivity. BCL2 
expression correlated with venetoclax sensitivity (Figure  4B), 
further confirming the observations seen in the public expres-
sion data. However, the expression of BCL-XL (BCL2L1) and 
BCL2L2 (BCL-W) did not clearly correlate with Ph-status, 
possibly caused by the small size of our cohort, which would 
not detect subtle differences. The expression of BCL2A1 and 

CLEC7A correlated inversely with the sensitivity to venetoclax 
(Figure 4C, D), as previously has been reported in acute myeloid 
leukemia (AML).17 As idasanutlin was effective in nearly all of 
our samples, the differences in MDM2 expression were more 
difficult to detect.

The results from differential gene expression and gene set 
enrichment analyses can be found from the Suppl. Material. 
Ph-like patients were included in the analysis, but the compari-
son was made between Ph+ and true Ph– patients. Altogether 242 
protein-coding genes were differentially expressed (q < 0.05),  
(Suppl. Table S5; Suppl. Figure S6). All enriched pathways from 

Figure 3.  The expression of BCL2, BCL-W, and BCL-XL in Philadelphia chromosome-positive and negative samples. The expression of BCL2 in (A) 
E-MTAB-5035 and (B) B-ALL 1988 datasets, the expression of BCL-W in (C) E-MTAB-5035 and (D) B-ALL 1988 datasets, and the expression of BCL-XL in (E) 
E-MTAB-5035 and (F) B-ALL 1988 datasets. In E-MTAB-5035 cohort comparison between Philadelphia chromosome-positive and negative patients with Mann-
Whitney U test. In the B-ALL 1988, cohort subgroups were visualized and annotated as in the original data. Only subgroups with >20 patients were included.
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Enrichr databases related to cancer, cell signaling, and kinase 
enrichment are listed in the Suppl. Table S6.

Venetoclax and idasanutlin showed synergy in B-ALL cell lines
To study the interactions between the most relevant com-

pounds in more detail, we tested several 2-drug combinations 
between BCL2 inhibitors venetoclax and navitoclax, MDM2 
inhibitor idasanutlin, and BCR-ABL1 TKI dasatinib in 3 human 
cell lines representing Ph+, Ph–, and Ph-like ALL. The combina-
tion of venetoclax and idasanutlin was synergistic in all cell lines. 

Of the other combinations, a combination of navitoclax and 
idasanutlin was synergistic in Ph– ALL cell line Kasumi-2, and  
the combinations of dasatinib with venetoclax, navitoclax,  
and idasanutlin were synergistic in Ph+ ALL cell line NALM-
21. Synergy scores from all combinations as well as single 
compound DSS values are listed in Suppl. Table S7, and the 
visualization of venetoclax and idasanutlin and venetoclax and 
dasatinib synergy score maps are shown in Figure 5. The com-
bination score matrixes of these combinations are displayed in 
Suppl. Figure S7.

Figure 4.  The gene expression of known BCL2 inhibitor and MDM2 inhibitor drug targets, and the correlation of BCL2, BCL2A1, and CLEC7A 
expression and venetoclax sensitivity. (A) Heatmap showing gene expression levels of known venetoclax, navitoclax, and idasanutlin drug targets combined 
with drug sensitivities. Categorical drug sensitivities were coded according to DSS. If DSS is >20, sensitivity is high, if DSS is between 10 and 20 sensitivity is 
intermediate, and if DSS is <10 sensitivity is low. Philadelphia chromosome-positive patients (n = 9) are annotated in red, Philadelphia chromosome-negative 
patients in blue (n = 5), and Philadelphia-like patients in light green (n = 2). In addition, key mutations are shown in an additional track. Non-parametric Spearman 
correlation between the expression of (B) BCL2, (C) BCL2A1, and (D) CLEC7A (CPM counts) and venetoclax sensitivity (DSS). DSS = drug sensitivity score.
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DISCUSSION

Here, we analyzed primary B-ALL patient samples using a 
well-established ex vivo drug testing platform and whole-tran-
scriptome sequencing. This information was combined with 
publicly available expression data to define gene expression 
biomarkers for ex vivo drug responses. The BCL2 inhibitors 

venetoclax and navitoclax showed promising efficacy in our 
drug panel. BCL2 is an antiapoptotic protein, which is located 
on the outer mitochondrial membrane. Venetoclax and navito-
clax inhibit the action of BCL2, thereby allowing proapoptotic 
proteins to activate.18 Malignant cells can overexpress BCL2 
and become BCL2-dependent for their survival, which offers 

Figure 5.  Combination score visualizations of the venetoclax—idasanutlin and venetoclax—dasatinib drug combinations. Venetoclax-idasanutlin 
combination score map in (A) Ph– (Kasumi-2), (B) Ph+ (NALM-21), and (C) Ph-like (MHH-CALL-4) cell lines and venetoclax—dasatinib combination score map 
in (D) Ph– (Kasumi-2), (E) Ph+ (NALM-21), and (F) Ph-like (MHH-CALL-4) cell lines. ZIP combination score >5 denotes synergistic effect. Ph– = Philadelphia chro-
mosome negative; Ph+ = Philadelphia chromosome positive.
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an opportunity to target cancer cells without harming the nor-
mal tissues.19

In preclinical and early clinical studies, BCL2 family inhibi-
tors have shown efficacy in various hematological malignancies 
and solid tumors.18,20 Currently, venetoclax is the only FDA-
approved BCL2 inhibitor, which is used for the treatment of 
chronic lymphocytic leukemia and AML. Venetoclax has been 
effective in patient-derived ALL xenografts, and importantly, 
ex vivo response has been reported to correlate with in vivo 
responses.21–23 In preclinical trials, especially combination strat-
egies, such as with inotuzumab ozogamicin and dexamethasone, 
seem promising.24 Several clinical trials investigating venetoclax 
in different drug combinations in relapsed or refractory ALL are 
ongoing (clinicaltrials.gov). Our results showed that venetoclax 
was significantly more effective in Ph– patients, whereas nav-
itoclax showed more uniform potency. With differential gene 
expression analysis of BCL family genes, we were able to show 
that BCL2 was downregulated and BCL-W upregulated in Ph+ 
ALL in comparison to Ph– ALL. In addition to BCL2, navito-
clax targets BCL-W and BCL-XL, whereas venetoclax is BCL2-
selective,25,26 offering an explanation why navitoclax was more 
effective in Ph+ samples than venetoclax.

Platelets express prosurvival protein BCL-XL, and dose-lim-
iting thrombocytopenia has previously limited the use of nav-
itoclax in solid tumors.27 We hypothesize, that especially in 
combinations with other agents, navitoclax may be used in 
the treatment of acute leukemias, where the management of 
transient thrombocytopenia constitutes a routine part of all 
treatment protocols. Navitoclax showed better efficacy in Ph+ 
ALL samples compared with venetoclax. This would suggest 
a rationale for combining navitoclax with TKIs. In a phase I 
study, low-dose navitoclax in combination with venetoclax and 
chemotherapy in relapsed or refractory ALL was well tolerated 
with preliminarily promising efficacy in a heavily pretreated 
population (NCT03181126).28

Wild-type p53, encoded by TP53, is a tumor suppressor, 
that is mutated in more than half of all solid malignancies. 
In hematological malignancies, however, TP53 mutations are 
relatively rare,29 and in ALL, TP53 mutations are found in 
approximately 15% of new cases.30 Even without mutations, 
the function of wild-type p53 in cancer is often suppressed by 
an increased amount of regulatory protein MDM2, leading to 
impaired cancer cell apoptosis.31,32 It is noteworthy that MDM2 
inhibitor idasanutlin, was effective in nearly all of our samples. 
Idasanutlin blocks the interaction of MDM2 and p53, leading 
to restoration of wild-type p53 function and enhanced cancer 
cell apoptosis.33 Monotherapy with BCL2 inhibitors can easily 
lead to overexpression of antiapoptotic MCL1 and subsequent 
drug resistance.34 Activation of TP53 promotes degradation of 
MCL1, offering a rationale for combining MDM2 and BCL2 
inhibitors. Combination treatment with MDM2 and BCL2 
inhibitors has already shown synthetic lethality in resistant 
AML mouse models.35 Idasanutlin is currently being tested in 
combination with either chemotherapy or venetoclax in a phase 
1/2 clinical trial for relapsed or refractory (R/R) AML and R/R 
ALL (NCT04029688, clinicaltrials.gov).

We tested a combination of BCL2 inhibitor venetoclax and 
MDM2 inhibitor idasanutlin in 3 human cell lines representing 
Ph+, Ph–, and Ph-like ALL. In all 3 cell lines, this combination 
was synergistic.

With the drug sensitivity testing and molecular profiling, we 
identified targetable Ph-like lesions in 3 of the study patients. 
These alterations were not detected in the clinical cytogenetics or 
targeted fusion screens that were used at diagnosis. Patient Pt_6 
had ETV6-ABL1 fusion and was sensitive to selected TKIs in the 
drug testing. The patient did not achieve remission with first induc-
tion, remained minimal residual disease positive, and relapsed and 
died soon after alloHSCT. Patient Pt_1 had FLT3 point mutation 
Y842H in tyrosine kinase domain and died of primary refractory 

disease 6 months after the diagnosis. Patient Pt_4 had MEF2D-
CSF1R fusion and was correspondingly sensitive to TKIs in our 
drug screen. The patient relapsed in less than a year and died of 
a relapse 2 years after the diagnosis. None of these patients had 
received TKIs or FLT3 inhibitors as part of their treatment proto-
cols, because Ph-like status was not recognized.36,37

Although ex vivo drug testing of primary cancer cells has 
proven useful as a preclinical tool in evaluating drug candidates 
for clinical testing,38 and even in aiding treatment selection in 
relapsed/refractory patients,39 it is not well-suited for predicting 
responses to cytotoxic agents, nor drugs requiring a long expo-
sure time for effect (eg, hypomethylating or differentiation-in-
ducing drugs). Using flow cytometric and other single cell–based 
readouts may partially overcome these.40

In conclusion, the combination of ex vivo drug testing and 
molecular profiling is a powerful tool for identifying novel effective 
and actionable therapies for ALL patients. Targeting the apopto-
sis pathway by inhibiting antiapoptotic proteins (BCL2, BCL-XL, 
BCL-W) and p53 with BCL2 and MDM2 inhibitors in combina-
tion with established ALL drugs is a highly promising strategy for 
improving survival and reducing treatment-related toxicity.
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