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Abstract

The BCL-2 inhibitor venetoclax has revolutionized the treatment of acute myeloid leukemia (AML) in patients not
benefiting from intensive chemotherapy. Nevertheless, treatment failure remains a challenge, and predictive markers are
needed, particularly for relapsed or refractory AML. Ex vivo drug sensitivity testing may correlate with outcomes, but its
prospective predictive value remains unexplored. Here we report the results of the first stage of the prospective phase Il
VenEx trial evaluating the utility and predictiveness of venetoclax sensitivity testing using different cell culture conditions
and cell viability assays in patients receiving venetoclax-azacitidine. Participants with de novo AML ineligible for intensive
chemotherapy, relapsed or refractory AML, or secondary AML were included. The primary endpoint was the treatment
response in participants showing ex vivo sensitivity and the key secondary endpoints were the correlation of sensitivity
with responses and survival. Venetoclax sensitivity testing was successful in 38/39 participants. Experimental conditions
significantly influenced the predictive accuracy. Blast-specific venetoclax sensitivity measured in conditioned medium
most accurately correlated with treatment outcomes; 88% of sensitive participants achieved a treatment response. The
median survival was significantly longer for participants who were ex vivo-sensitive to venetoclax (14.6 months for
venetoclax-sensitive patients vs. 3.5 for venetoclax-insensitive patients, P<0.001). This analysis illustrates the feasibility
of integrating drug-response profiling into clinical practice and demonstrates excellent predictivity. This trial is registered
with ClinicalTrials.gov identifier: NCT04267081

Introduction

A long-term goal in leukemia and cancer research has been
the determination of responses to anti-cancer therapy in
the laboratory prior to clinical treatment, in analogy to the
success of antibiotic sensitivity testing in microbial
disease.' The development of targeted therapies and tech-
nological advances has highlighted the approach again in
acute myeloid leukemia (AML), as genomic data are often
neither actionable nor predictive.? We and others, including
the Beat AML program, have previously demonstrated that
drug sensitivity profiling provides clinically actionable
therapeutic insights for individual patients with AML.>*

However, only a few prospective trials have analyzed the
predictiveness of ex vivo drug sensitivity testing,>® and
more data are needed to demonstrate its clinical utility.”

Sensitivity to drugs is currently tested using multiple
techniques. This diversity highlights the importance of
understanding how different parameters influence the re-
sults. In AML, bone marrow is often a heterogeneous mix
of cells consisting of leukemic blasts and more mature
leukemic and healthy cells. Thus, commonly used homo-
geneous cell viability assays cannot accurately measure
blast-specific drug responses. To overcome this limita-
tion, immunofluorescence microscopy and flow cyto-
metry-based assays have been implemented to evaluate
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responses at the single-cell level.®® We previously dem-
onstrated that a flow cytometry-based assay can deter-
mine the venetoclax sensitivity of each cell population.’
Importantly, blast-specific results of drug sensitivity differ
dramatically from the sensitivity of bulk samples. An as
yet unexplored challenge is the effect of culture con-
ditions on ex vivo responses and correlation with treat-
ment outcomes. Our previous work showed that
conditioned medium (CM) derived from HS-5 bone mar-
row stromal cells, which closely resembles the bone mar-
row microenvironment, improves cell viability and alters
the results of ex vivo drug sensitivity testing."

For AML, predicting treatment outcome is extremely rel-
evant. New therapeutic options have emerged, but there
is heterogeneity in responses, and difficulties in identify-
ing patients who will benefit from these therapies.? The
B-cell lymphoma 2 (BCL-2) inhibitor venetoclax is an ex-
cellent illustration of this challenge. In patients ineligible
for induction therapy, venetoclax combined with the hy-
pomethylating agent azacitidine showed acceptable
safety and favorable responses. In the Viale-A trial com-
plete remission (CR) and complete remission with incom-
plete blood recovery (CRi) were observed in 66% of the
participants and the median overall survival was 14.7
months.”? In a single-center trial of relapsed or refractory
(R/R) patients, 40% achieved CR/CRi, with the median
overall survival being 7.8 months.® While certain genetic
changes correlate with treatment outcomes (e.g., IDH2,
NPM1, and TP53),*" not all patients harbor these alter-
ations. Furthermore, based on existing data, mutations are
unable to predict response to venetoclax-azacitidine pre-
cisely.®™ Thus, novel approaches are needed to identify
patients who will benefit, particularly in the R/R setting.

Previous retrospective studies have shown that ex vivo
sensitivity to venetoclax is associated with treatment re-
sponses in small cohorts of patients with AML,* myelo-
dysplastic syndromes,”® and B-cell acute lymphoblastic
leukemia.” In addition, BH3 profiling showed that com-
bined MCL-1 and BCL-XL dependency correlated inversely
with the achievement of CR in 19 AML patients treated
with venetoclax and a hypomethylating agent.?° However,
no prospective clinical trials have analyzed the ability of
ex vivo drug sensitivity testing to predict outcomes fol-
lowing venetoclax treatment. Furthermore, a systematic
evaluation of the effects of cell culture conditions and dif-
ferent drug testing platforms (e.g., bone marrow bulk
analysis with luminescent cell viability assay or targeted
flow cytometry) remains unexplored. These gaps in
knowledge have also hindered the development of pre-
clinical models. Therefore, we designed this prospective
VenEx trial to evaluate the usability of ex vivo drug sensi-
tivity testing in a clinical context and to evaluate the cor-
relation of drug sensitivity test results with outcomes of
venetoclax-azacitidine treatment in AML.
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Methods

More detailed information of the methods and analyses is
provided in the Online Supplementary Appendix.

Study design and participants

The VenEx trial is an ongoing, multicenter, two-stage,
open-label, phase Il trial evaluating the correlation of ex
vivo sensitivity to venetoclax with clinical outcomes in
chemotherapy-ineligible patients with de novo, secondary,
or R/R AML treated with venetoclax and azacitidine. In-
eligibility for standard induction therapy was defined by
modified Ferrara criteria®?’ which include age (=70 years);
clinically relevant comorbidities, such as decreased left
ventricular ejection fraction (<50%), chronic stable angina,
or controlled congestive heart failure; and decreased lung
diffusion capacity (£65%) or forced expiratory volume in 1
second <65%. For relapsed patients with non-core binding
factor AML, an age criterion of 255 years was allowed. For
participants younger than 55 years, additional inclusion
criteria included either a remission duration of less than
12 months or relapse after allogeneic stem cell transplan-
tation. Ex vivo drug sensitivity testing was obligatory for
all participants at screening. The main exclusion criteria
were a blast count £10% in the bone marrow or peripheral
blood, depending on which was used for ex vivo drug test-
ing, and previous venetoclax therapy for myeloid malig-
nancy.

The study is being conducted by the Finnish AML Group
at five university hospitals in Finland. The Helsinki Univer-
sity Hospital District is the trial’s sponsor and the study
is funded by independent institutions and foundations.
The funders do not have any role in the study design, data
collection, data analysis, data interpretation, or report
writing. The study is being conducted in accordance with
the Declaration of Helsinki and International Council for
Harmonization on Good Clinical Practice guidelines. The
study protocol, which was approved by an independent
ethics committee and competent authority, is available in
the Online Supplementary Material. All participants pro-
vided written informed consent before initiation of the
study.

Screening procedures and venetoclax sensitivity
analysis

At screening, all participants underwent bone marrow
sampling. When the bone marrow could not be aspirated,
peripheral blood with a blast count >10% was used for
analyses. For drug sensitivity testing, 20 mL of bone mar-
row (n=37) or 30 mL of peripheral blood (n=2) were
shipped from five trial sites to the central laboratory in
EDTA tubes at room temperature. Mononuclear cells
were isolated using Ficoll gradient centrifugation and
plated in two different drug plates within 26 hours of
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sampling. The drug plates contained venetoclax, a vene-
toclax—azacitidine combination, and other BCL-2 family
inhibitors across a 10,000-fold concentration range (Online
Supplementary Table ST). After incubation with the drugs
for 48 hours, cell viability was assessed in parallel using
CellTiterGlo® (CTG) and flow cytometry. The trial outline
is presented in Figure 1A.

For the flow cytometry-based drug sensitivity assay, cells
were plated in 96-well, conical-bottomed plates with
100,000 cells/well in 100 uL of the appropriate medium.
Venetoclax sensitivity was measured in three different cell
culture conditions: (i) RPMI + 10% fetal bovine serum, (ii)
CM (medium derived from the HS-5 cell line), and (iii)
StemSpan SFEM Il + 20 ng/mL of FLT3L + stem cell factor
+ thrombopoietin (SPM) (Online Supplementary Table S2).
Following incubation for 48 hours, cells were stained with
an antibody mix containing CD45, CD34, CD117, CD14,
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CD11b, CD64, and CD38, and then stained with markers of
apoptosis (annexin V) and dead cells (7-aminoactinomycin
D; 7-AAD). Flow cytometry data were acquired using an
iQue Screener PLUS instrument (Sartorius, Germany), and
ForeCyt software (Sartorius) was used to analyze the cells.
The gating strategy is presented in Online Supplementary
Figures ST and S2. The number of remaining viable blasts
in each well was counted and normalized to the number
in control wells containing dimethylsulfoxide (DMSO) (On-
line Supplementary Figure S3). For the CTG-based drug
sensitivity assay, cells were suspended in 25 uL of CM and
plated in 384-well plates with 10,000 cells/well. After in-
cubation for 48 hours, 25 uL of CTG were added to each
well, and the intensity of the luminescence was measured
using the PHERAstar FS plate reader (BMG LABTECH, Ger-
many). Drug sensitivity scores (DSS) derived from the op-
timized area under the dose-response curve calculations?
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Figure 1. Sample processing and trial outline. (A) Outline of sample processing and drug sensitivity testing. (B) Outline of study
recruitment, including number of participants, reasons for screening failure, and number of participants eligible for ex vivo/in vivo
correlation. BM: bone marrow; MNC: mononuclear cells; CTG: CellTiterGlo®; CM: conditioned medium; DSS: drug sensitivity
score; FC: flow cytometry; AML: acute myeloid leukemia; sAML: secondary AML; R/R AML: relapsed and/or resistant AML; SCR:

screening;
leukemia-free state.

C: cycle; AZA: azacitidine; CR: complete remission; CRi: CR with incomplete blood recovery; MLFS: morphological
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indicated the efficacy of both viability assays (Online Sup-
plementary Figure S3). Quality control metrics and repro-
ducibility of the assay are described in the Online
Supplementary Methods and Online Supplementary Figure
S4.

Treatment

During the first stage of the trial, all participants received
the study treatment regardless of their venetoclax sensi-
tivity testing results (n=39). The results were not com-
municated to the investigators. The study treatment
consisted of 28-day cycles of azacitidine (75 mg/m? on
days 1-7) and venetoclax (400 mg daily for a maximum of
28 days). For responding participants, a cycle could be
prolonged up to 42 days to enable blood count recovery.
After a CR/CRi or a morphological leukemia-free state
(MLFS) had been reached, the cycle of venetoclax admin-
istration was reduced to 21 days, and then, after three
cycles, to 14 days in each cycle. Treatment response was
assessed at day 29 of cycle 1, cycle 3, and cycle 6, and
then every three cycles. For participants not in CR, CRi, or
MLFS at day 29 of cycle 1, the bone marrow was also
evaluated at day 29 of cycle 2. Those participants refrac-
tory to the study treatment after three cycles were taken
off the trial.

Assessments and statistical analyses

The primary endpoint was the treatment response during
the first three therapy cycles in participants who showed
ex vivo sensitivity to venetoclax. The cutoff value for sen-
sitivity was evaluated retrospectively after all trial partici-
pants had been evaluated for treatment response. The
investigators assessed the response using criteria defined
by the European LeukemiaNet for AML in 2017.%2* The key
secondary endpoint was the correlation of ex vivo drug
sensitivity with overall survival and the overall response
rate. Both recruiting cohorts and trial phases are analyzed
separately. The Online Supplementary Appendix provides
details on the statistical analyses.

Results

Enrollment and patients’ demographics

Between February 2020 and January 2021, 41 participants
were recruited for the first part of the VenEx trial to evalu-
ate the feasibility, predictiveness, and best cut-off value
for drug sensitivity testing to venetoclax (Figure 1B).
Screening failed in two participants, in one case because
of uncontrolled infection and in the other because of a
low bone marrow blast count (6%). Of the eligible partici-
pants, 16 had de novo AML, 15 had R/R AML and eight had
secondary AML. All participants with secondary AML had
an antecedent myelodysplastic syndrome or chronic mye-
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lomonocytic leukemia previously treated with a hypo-
methylating agent, chemotherapy or both and were ana-
lyzed together with the R/R participants. The patients’
characteristics are presented in Table 1. Of participants
with de novo AML, 75% (12/16) achieved CR/CRi, while 39%
(9/23) of those with secondary or R/R AML did so. The
overall response rate (CR, CRi or MLFS) was 88% (14/16)
for de novo AML and 52% (12/23) for secondary or R/R AML
(Online Supplementary Table S3).

Drug sensitivity testing was technically successful in
38/39 participants treated with venetoclax—azacitidine. In
one participant, the leukemic blasts were not robustly
identified using the flow cytometry assay because of low
CD34* and CD117* cell counts (< 2%), which was likely the
result of hemodilution. One participant died of pneumonia
during cycle 1 on day 13. Thus, the in vivo/ex vivo correla-
tion was evaluable in 37 participants (Figure 1B). The
median cell viability of the bone marrow mononuclear
cells was 90% after mononuclear cell separation and 75%
after 48 hours of incubation in CM (Online Supplementary
Figure S5A). A minor decrease in cell viability was observed
after 48 hours of incubation in shipped samples processed
the following morning when compared to samples pro-
cessed on the same day (79% vs. 66%) (Online Supplemen-
tary Figure S5B, C). Importantly, decreased viability did not
affect ex vivo venetoclax sensitivity (Online Supplementary
Figure S5D, E). These results demonstrate that drug test-
ing can be performed in a clinical context with a high suc-
cess rate.

Table 1. Patients’ characteristics.

De novo AML ‘,Sre;;);oll-\al\;{
N of patients 16 23
Age, years, median (range) ekl SRkl

(66.5 - 84.6) (41.9-79.1)

Male sex, N (%) 12 (75) 12 (52)
ECOG PS 0-1, N (%) 12 (75) 20 (87)
ECOG PS 2-3, N (%) 4 (25) 3(13)
Previous alloHSCT, N (%) 0 (0) 9 (39)
Normal karyotype, N (%) 6 (38) 13 (57)
5 or 59 deletion, N (%) 4 (25) 2 (9)
7 or 79 deletion, N (%) 2 (13) 3(13)
Complex karyotype, N (%) 3(19) 2(9)
IDH1 and/or IDH2, N (%) 6 (38) 10 (43)
FLT3ITD, N (%) 1 (6) 4 (17)
NPM1, N (%) 2 (13) 3(13)
TP53, N (%) 4 (25) 2(9)

AML: acute myeloid leukemia; R/R AML: relapsed and/or resistant
acute myeloid leukemia; ECOG PS: Eastern Cooperative Oncology
Group performance status; alloHSCT: allogeneic hematopoietic stem
cell transplantation; ITD: internal tandem duplication.
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Culture conditions and method of assessing sensitivity
influence venetoclax responses

For drug sensitivity testing, 20 mL of bone marrow or 30
mL of peripheral blood were shipped to the central lab-
oratory and ex vivo venetoclax sensitivity was assessed
with different methods and culture conditions. DSS de-
rived from the area under the dose-response curves indi-
cated efficacy (Figure 1A, Online Supplementary Figure S3).
Flow cytometry (blast-specific sensitivity) and CTG (bulk
mononuclear cell sensitivity) assays were used to analyze
ex vivo venetoclax sensitivity from the trial participants’
samples in CM. Bulk sensitivity assessed using CTG was
significantly lower than the sensitivity determined by the
blast-specific flow cytometry assay (median DSS: 4.8 vs.
23.9, respectively, P<0.0001) (Figure 2A). Flow cytometry
showed that monocytic and granulocytic cells were resis-
tant to venetoclax, causing decreased bulk sensitivity in
the CTG assay (Figure 2B). Accordingly, most samples with
blast counts of <50% were resistant to venetoclax in the
CTG assay (median DSS: 0.9 vs. 13.4) (Figure 2C, Online
Supplementary Figure S6). Thus, for the samples with low
blast counts, CTG measurement provided a resistant phe-
notype, even though the blasts were sensitive to veneto-
clax when assessed by flow cytometry (Figure 2D).

To gain insight into the influence of cell culture conditions,
cells were cultured in three different media (RPMI, CM and
SPM), and venetoclax sensitivity was assessed using flow
cytometry. After 48 hours, cell viability in the DMSO con-
trol was similar to that in all types of media (70-76%) (On-
line Supplementary Figure S7A). The number of CD14" cells
increased in all types of media during the 48 hours of cul-
ture, whereas the number of CD34" cells increased sig-
nificantly only in the SFEM Il medium supplemented with
FLT3, stem cell factor and thrombopoietin (SPM) (Online
Supplementary Figure S7B). In RPMI medium, the blasts
were highly sensitive to venetoclax, whereas in CM, the
efficacy of venetoclax was lower (median DSS: 27.6 vs.
23.9, P<0.0001) (Figure 2E). The sensitivity to venetoclax
was drastically lower when cells were cultured in the SPM
medium (median DSS: 6.8, P<0.0001) (Figure 2E). Median
venetoclax dose-response curves for each assay are pres-
ented in Online Supplementary Figure S8.

We explored further whether specific genotypic or pheno-
typic features of the blasts correlated with venetoclax
sensitivity in different media. In all genotypic and pheno-
typic subgroups blasts exhibited the highest venetoclax
sensitivity in RPMI medium, less sensitivity in CM and the
lowest in SPM medium (Online Supplementary Figure S9A).
In all three media, blasts with SRSF2 mutations showed
increased ex vivo sensitivity to venetoclax compared to
wildtype blasts. In contrast, blasts in samples in which
the blast phenotype was defined as CD34*CD38~ were
more resistant to venetoclax (Online Supplementary Figure
S9B, Online Supplementary Table S4). Together, these find-
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ings demonstrate that the cell viability assays and cell cul-
ture conditions substantially affect the ex vivo efficacy of
venetoclax, whereas the genotype or immunophenotype
associated with ex vivo venetoclax responses remains
similar across all types of media.

Blast-specific venetoclax sensitivity in conditioned
medium provides best response prediction

After the first 39 participants had been evaluated for
treatment response, we examined which assay and
medium provided the best separation of venetoclax-aza-
citidine treatment outcomes as defined by cumulative
overall response (CR/CRi/MLFS) versus resistant disease
during the first three treatment cycles. The best separ-
ation of non-responding and responding participants oc-
curred when blast-specific venetoclax sensitivity was
measured using flow cytometry in CM (median DSS: 6.9
vs. 26.0, P<0.001) (Figure 2F). When the ex vivo/in vivo cor-
relation was assessed using CTG, several participants who
responded to treatment were resistant to venetoclax ex
vivo (Figure 2F). Similarly, the cytokine-rich SPM medium
yielded false-resistant phenotype predictions in blast-
specific flow cytometry measurements. In contrast, the
overall sensitivity was higher in RPMI medium, leading to
increased ex vivo venetoclax sensitivity in samples from
patients who failed to achieve a clinical response. Con-
sidering that patients received venetoclax-azacitidine, we
also assessed the ex vivo efficacy of the combination by
flow cytometry by adding 300 nM or 1,000 nM of azaciti-
dine to the venetoclax-containing wells across the entire
concentration range in CM. We observed that adding aza-
citidine increased the sensitivity of the blasts from the
participants with in vivo-resistant AML. Importantly, ex vivo
testing of the venetoclax-azacitidine combination led to
decreased predictive accuracy (Figure 2F, Online Supple-
mentary Figure ST0A). We also evaluated whether the in-
creased sensitivity was restricted to a particular
phenotype or genotype but could not detect correlations
(Online Supplementary Figure S10B). These results indicate
that venetoclax sensitivity measured using a blast-specific
flow cytometry assay and CM provides the best distinction
between responding and non-responding patients.

Using receiver operating characteristic (ROC) curve analysis,
the greatest area under the ROC curve (AUROC = 0.82) was
obtained for blast-specific venetoclax sensitivity in CM (On-
line Supplementary Table S5). Using a DSS threshold of 10.7,
the test’s sensitivity was 92%, its specificity was 75%, and
its positive predictive value (identification of patients as re-
sponders) was 88% (Figure 3A-C). In the R/R cohort, the
test’s positive predictive value was 79%, and no false pre-
dictions of resistance were observed (Figure 3D-F). In de
novo AML, all but one participant achieved treatment re-
sponse, and thus, venetoclax sensitivity testing produced li-
mited additional value for de novo participants (Figure 3G-I).
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Figure 2. Comparison of venetoclax sensitivity among different assays and cell culture media. (A) Venetoclax sensitivity of trial
participants (n=37) assessed using CellTiterGlo® (CTG) and flow cytometry (FC) assays and expressed as measured by the drug
sensitivity score. The line represents the median. The P value was calculated using a two-tailed Wilcoxon matched-pairs signed-
rank test. (B) FC scatter plot of a sample treated with dimethylsulfoxide (DMSO) control or 100 nM of venetoclax for 48 h. Blasts,
lymphocytes, monocytic cells, and granulocytic cells are gated in the upper row plots using side scatter versus CD45, and in the
lower row blasts are gated using CD34. Absolute numbers of viable cells present after treatment with 100 nM of venetoclax in
each gate were normalized to the number of cells present in the wells containing the DMSO control. (C) Comparison of
sensitivity to venetoclax between samples with blast counts <50% (n=19) and >50% (n=18), assessed using the CTG assay in
conditioned medium. The line represents the median. The P value was calculated using the Mann-Whitney U test. (D) Sensitivity
to venetoclax of samples with blast counts <50% (n=19), assessed using the CTG or FC assay. The line represents the median.
The P value was calculated using a two-tailed Wilcoxon matched-pairs signed-rank test. (E) Blast-specific venetoclax sensitivity
measured using FC in three different cell culture media. The line represents the median. The P value was calculated using a two-
tailed Wilcoxon matched-pairs signed-rank test. (F) The drug sensitivity scores for venetoclax determined using different assays
and media and plotted for each participant (n=37). Participants were divided into responders (n=25) and non-responders (n=12).
The line represents the median. The P value was calculated using a one-tailed Mann-Whitney U test. CM: conditioned medium;
SSC: side scatter; Gran: granulocytes; Mon: monocytes; Lym: lymphocytes; DSS: drug sensitivity score; RD: refractory disease;
PD: progressive disease; CR: complete remission; CRi: complete remission with incomplete blood recovery; MLFS: morphological
leukemia-free state; AZA: azacitidine.
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Figure 3. Determination of the predictive value of drug sensitivity testing in different cohorts of patients. (A) The sensitivity of
each participant to venetoclax, determined using flow cytometry and conditioned medium and expressed as a drug sensitivity
score (DSS). The participants are divided into responders and non-responders. The dashed line at DSS 10.7 represents the best
cutoff value. The P value was calculated using a one-tailed Mann-Whitney U test. (B) Receiver operating characteristic (ROC)
curve analysis of DSS and clinical response using the Wilson-Brown method. (C) Sensitivity, specificity, positive predictive value
and negative predictive value of the test when using the cutoff value of DSS 10.7, illustrated in a confusion matrix. (D) DSS versus
clinical response in relapsed/refractory (R/R) or secondary acute myeloid leukemia (SAML). The P value was calculated using a
one-tailed Mann-Whitney U test. (E) ROC analysis of R/R or sAML. (F) Predictive value of the test in R/R or sAML. (G) DSS versus
clinical response in de novo AML. The P value was calculated using a one-tailed Mann-Whitney U test. (H) ROC analysis of de
novo AML. (I) Predictive value of the test in de novo AML. DSS: drug sensitivity score; FC: flow cytometry; CM: conditioned
medium; RD: refractory disease; PD: progressive disease; CR: complete remission; CRi: complete remission with incomplete
blood recovery; MLFS: morphological leukemia-free state.
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Of the de novo participants exhibiting ex vivo sensitivity
(DSS >10.7), 92% (11/12) had a CR/CRIi, whereas of partici-
pants with secondary or R/R AML, 57% (8/14) had a CR/CRi
(Online Supplementary Table S3). The overall response rate
(CR, CRi, or MLFS) for ex vivo drug-sensitive de novo AML
was 100% (12/12), whereas it was 79% (11/14) for R/R or
secondary AML.

Ex vivo venetoclax sensitivity predicts longer survival

At a median follow-up of 18.6 months, the median overall
survival of patients with de novo AML was 17.4 months
(95% Cl: NR) whereas that for patients with secondary or
R/R AML was 7.6 months (95% Cl: 6.5-8.6 months) (Figure
4A, Online Supplementary Figure S11). These results are
similar to those in previous reports.”” Notably, ex vivo
venetoclax sensitivity (determined by flow cytometry in
CM) also correlated with survival: the median overall sur-
vival for patients with DSS <10.7 (ex vivo-resistant) was 3.5
months (95% CIl: 2.5-4.6 months), and that for patients
with DSS >10.7 (ex vivo-sensitive) was 14.6 months (95%
Cl: 8.8-20.4 months, P<0.001) (Figure 4B). Moreover,
greater sensitivity correlated with longer survival (r=0.518,
P<0.001) (Online Supplementary Figure S12). The median
progression-free survival for patients with de novo AML
was 13.1 months (95% ClI: 8.7-17.5 months) whereas that
for patients with secondary or R/R AML was 3.3 months
(95% ClI: 2.5-4.2 months) (Figure 4C). The median progres-
sion-free survival for ex vivo-resistant patients was 2.4
months (95% CI: 2.2-2.6 months) and that for ex vivo-sen-
sitive patients was 9.8 months (95% CI: 5.5-14.1 months)
(Figure 4D). As reported earlier,*?* in our cohort, patients
harboring IDH2 or SRSF2 mutations had a high likelihood
of responding (91% and 90%, respectively), whereas par-
ticipants with PTPN11 (n=3) failed to respond to the treat-
ment (Figure 5). Importantly, other genetic alterations did
not clearly associate with treatment responses. In com-
parison, the use of drug sensitivity testing in this cohort
showed that 88% of ex vivo-sensitive patients responded
to the treatment.

Progenitor cell sensitivity associates with venetoclax
response in monocytic acute myeloid leukemia

We and others have previously shown that monocytic AML
samples (M4/M5 according to the French-American-Brit-
ish [FAB] classification) are resistant to venetoclax ex
vivo.l®?® Furthermore, Pei et al. found a correlation be-
tween FAB M5 phenotype and in vivo venetoclax resis-
tance.® In our trial, four participants had FAB M5 AML, and
one had M4 AML. The patients’ characteristics and treat-
ment responses are presented in Online Supplementary
Table S6. Confirming the earlier ex vivo findings,”” mono-
cytic samples were resistant to venetoclax when using the
CTG assay on bulk bone marrow (Figure 6A). However, four
of the five participants achieved remission. Intriguingly, we
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observed that monocytic disease has distinctive cell
population-specific response patterns. The blast cell frac-
tion (defined by CD34 or CD117 positivity) exhibited vene-
toclax sensitivity in all cases that achieved a clinical
response (Figure 6A, Online Supplementary Table S6). In
contrast, the monocytic/granulocytic cell fraction was less
sensitive in all samples (Online Supplementary Figure S13).
Accordingly, the CD34* cell fraction enriched from two
samples that had a high number of monocytic/granulo-
cytic cells exhibited increased venetoclax sensitivity in the
CTG assay (Online Supplementary Figure S14).

To assess whether the gene expression signature could
explain the distinct venetoclax responses, we performed
single-cell RNA sequencing on two monocytic samples
and one myelomonocytic sample. Monocytic cells ex-
pressing CD74 accounted for 25-50% of the leukemic cells
in each sample and selectively expressed MCL1, BCL2AT1,
and S700A9/S7100A9 but not BCL2 (Figure 6B, C). In
contrast, CD34 progenitor cells showed increased BCL2
expression accompanied by low BCL2A7 and MCLT ex-
pression, which may explain the observed sensitivity to
venetoclax. Together, these findings suggest that the less
mature progenitor cells of monocytic AML samples are
sensitive to venetoclax ex vivo and progenitor cell sensi-
tivity also correlates with clinical responses.

Discussion

This interim analysis illustrates the technical feasibility of
integrating venetoclax drug response profiling into clinical
practice for patients with AML. Furthermore, the study
demonstrates that the correlation between in vivo and ex
vivo responses is profoundly affected by the selected cell
culture medium and the method of assaying viability. In
the first stage of the trial, we determined the optimal cut-
off value for venetoclax sensitivity retrospectively and ob-
served the best in vivo/ex vivo correlation using CM
coupled with a blast-specific flow cytometry assay.

We observed that response evaluation using bulk bone
marrow was associated with false predictions of resis-
tance. Our flow cytometry data demonstrated that differ-
ent cell populations have distinct sensitivity to venetoclax,
and thus, less sensitive cell populations - especially
monocytic and granulocytic ones - blur the sensitivity of
blasts. Earlier studies assessing bulk mononuclear cell
drug sensitivity demonstrated that monocytic AML
samples have reduced sensitivity to venetoclax.?*2?¢ Ac-
cordingly, in a retrospective analysis of 100 patients with
newly diagnosed AML, patients with FAB M5 AML were less
likely to get a clinical response.’® In our cohort, four out of
five participants with AML FAB subtypes M4 and M5
achieved remission. Blast-specific ex vivo venetoclax sen-
sitivity was associated with treatment response in all par-
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ticipants, whereas all samples were resistant when bulk
sample sensitivity was assessed using CTG. Interestingly,
scRNA sequencing of three monocytic/myelomonocytic
single-cell RNA samples showed that the expression of
several genes associated with venetoclax resistance based
on preclinical studies, such as BCL2A7*® and
S100A8/S100A9,*" were observed mainly in mature mono-
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cytes. In contrast, in primitive blasts, the expression of
BCL2 was higher and the expression of MCL7 was lower.
The distinct venetoclax sensitivity of monocytic cells and
blasts was also reflected in individual participants whose
monocytosis persisted after blast clearance (Online Sup-
plementary Figure S15, Supplementary Table S6). Although
our sample size is limited, our results highlight the impor-
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Figure 4. Overall survival based on disease state and ex vivo sensitivity to venetoclax. (A) The median overall survival for de novo
acute myeloid leukemia (AML) versus secondary AML (sAML) or relapsed/refractory AML (R/R AML) was 17.4 months (95%
confidence interval [95% CI]: not reached) and 7.6 months (95% CI: 6.5-8.6), respectively. (B) The median overall survival for
participants with a drug sensitivity score <10.7 (ex vivo-resistant) versus >10.7 (ex vivo-sensitive) was 3.5 months (95% CI: 2.5-
4.6) and 14.6 months (95% Cl: 8.8-20.4), respectively. Participants alive at the data cutoff day were censored. The median follow-
up time was 18.6 months. (C) The median progression-free survival for de novo AML versus sAML or R/R AML was 13.1 months and
3.3 months, respectively. (D) The median progression-free survival for ex vivo drug-resistant versus ex vivo drug-sensitive
patients was 9.8 versus 2.4 months, respectively. Progression-free survival was defined as the number of days from the date of
the first dose to the date when the patient was deemed refractory or the earliest evidence of relapse or death. Ven Res: resistant
to venetoclax; Ven Sen, sensitive to venetoclax.
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tance of assessing drug sensitivity and gene expression at
the progenitor cell level, particularly in monocytic samples
and samples with low blast counts.

The effect of the cell culture medium was critical when
assessing blast-specific ex vivo responses. Sensitivity to
venetoclax was significantly lower in the SPM medium
supplemented with cytokines than in RPMI medium and
CM. Some false predictions of resistance might be due to
several cytokines (including FLT3L, stem cell factor, and
thrombopoietin) and other supplements in the SPM
medium, leading to the activation of kinase signaling path-
ways (including, for example, the JAK-STAT and RAS-ERK
pathways) associated with venetoclax resistance."'®?8
Thus, SPM medium may artificially “desensitize” cells ex
vivo, which are in fact sensitive in vivo in the bone marrow
compartment. In contrast, the overall sensitivity was
higher in RPMI medium, leading to false predictions of

MLFS
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sensitivity. This might be due to the lack of cytokines and
other factors in this medium, which may decrease the
apoptotic threshold of the blasts compared to a more
protective bone marrow environment in vivo. These find-
ings suggest that CM can be used in venetoclax sensitivity
testing for primary patients’ samples, based on the su-
perior in vivo/ex vivo correlation. Importantly, most pre-
clinical studies utilize an ex vivo venetoclax sensitivity
assessment of cell lines and primary patients’ samples to
study resistance mechanisms. Based on our findings, the
mechanisms identified might be highly method-depend-
ent; thus, methods capable of mimicking in vivo responses
and assessing blast-specific responses might increase the
relevance of these studies in the future.

Newly diagnosed AML patients harboring /IDH1/IDH2 and
NPM1 mutations have shown high response rates and fa-
vorable survival with venetoclax and hypomethylating
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Figure 6. Cell populations in monocytic acute myeloid leukemia samples have distinct drug response patterns and gene
expression profiles. (A) Drug sensitivity score of five myelomonocytic/monocytic samples measured using CellTiterGlo® or flow
cytometry assays in conditioned medium. Clinical responses (complete remission/complete remission with incomplete blood
recovery/resistant disease) are annotated in the graph. The P value was calculated using a two-tailed Wilcoxon matched-pairs
signed-rank test. (B) Uniform Manifold Approximation and Projection (UMAP) representation of monocytic and progenitor cells
from three bone marrow samples profiled by single-cell RNA sequencing. The samples were taken from three patients with
acute myeloid leukemia before venetoclax-azacitidine treatment. The bar plot on the right shows the proportion of cell
phenotypes in each sample. (C) Expression of a set of canonical markers used to identify monocytic and progenitor cell
populations. Expression of BCL2 family genes and genes associated with response to venetoclax based on preclinical studies.
Dot size corresponds to the percentage of cells expressing a given gene in a given cluster, and dot color corresponds to the
average expression of a given gene in a given cluster. Circled dots are differentially expressed in the cluster (P, <0.05, Bonferroni
corrected t test). The clusters are the same as shown in panel (B), and their distributions across patients are shown in the bar
plot on the right. DSS: drug sensitivity score; AML: acute myeloid leukemia; CM: conditioned medium; CTG: CellTiterGlo®; sAML:
secondary AML; CR: complete remission; CRi: complete remission with incomplete blood recovery; RD: resistant disease; FAB:
French-American-British; HPSC: hematopoietic stem and progenitor cell; GMP: granulocyte-monocyte progenitor; Pro-mono:
pro-monocyte; DC: dendritic cells; BCL2: BCL2 family gene; Venetoclax: genes associated with venetoclax resistance based on
preclinical studies.

Haematologica | 108 July 2023
1778



ARTICLE - EXx vivo venetoclax sensitivity testing in AML

agent therapy, whereas patients with RAS and TP53 mu-
tations have worse outcomes.*?° Similar observations
have been made in R/R AML, but the data are more li-
mited.®™ Thus, venetoclax sensitivity testing may help to
guide therapy for patients who lack the mutation associ-
ated with treatment response, particularly in the R/R set-
ting. We observed that /IDH2 and SRSRF2 mutations were
accompanied by high treatment response rates (overall re-
sponse rates, 91% and 90%, respectively). In our cohort,
NPM1 mutation was not predictive of treatment response
(overall response rate, 60%), whereas PTPN11 was associ-
ated with resistance. The small sample size and hetero-
geneous population of patients might have diminished the
observed predictive values of the mutations, but signifi-
cantly, drug testing was able to predict responses across
the entire cohort of patients, with a positive predictive
value of 88%. Importantly, ex vivo drug sensitivity testing
could predict not only the treatment response, but also
survival: the overall survival for ex vivo-drug-resistant par-
ticipants was 3.5 months, whereas patients showing ex
vivo drug sensitivity had an overall survival of 14.6 months
(P<0.001).

Although drug testing provided promising results, some
challenges exist. First, adequate quality controls, collec-
tion, and prompt delivery of fresh tumor material from
sites require precise coordination of clinical units, labora-
tories, and logistics. Second, we observed two false pre-
dictions of resistance in de novo participants. While we
observed that sensitivity to venetoclax predicted treat-
ment response better than combinatory venetoclax-aza-
citidine sensitivity, it is probable that our short assay fails
to capture azacitidine sensitivity and a possible apopto-
sis-priming effect adequately. Third, the assay cannot
identify small, resistant subclones that might be selected,
leading to rapid relapse. Another potential caveat is the
fact that ex vivo sensitivity testing was conducted in a
single laboratory. The forthcoming pan-Nordic LD-VenEx
trial (Eudra-CT 2020-005461-14) will evaluate the feasibil-
ity of this approach in a multilaboratory setting.

The second part of the trial is still underway. Reflecting
the high response rates in the de novo participants, the
second part of the trial includes all de novo patients in the
study treatment, irrespective of venetoclax sensitivity.
However, ex vivo venetoclax sensitivity is observationally
tested. For R/R and secondary AML patients, venetoclax
sensitivity testing is used for the selection of patients, and
only participants exhibiting ex vivo sensitivity (DSS >10.7)
receive study therapy.

In summary, although new AML therapy options have the
potential to improve patients’ outcomes, the challenge re-
mains to identify the factors predicting response and to
target therapies to only those patients who could be ex-
pected to benefit from them. In the interim analysis of our
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VenEx trial, we showed that ex vivo testing for venetoclax
sensitivity was feasible in AML with a high success rate.
In addition, our results provide essential data to be used
in preclinical studies exploring venetoclax sensitivity and
resistance. Nevertheless, novel prospective trials are
needed to assess the usability of ex vivo drug sensitivity
testing for other therapies as well as to repurpose anti-
cancer agents to further personalize patients’ care.
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