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ABSTRACT The BCL2 inhibitor venetoclax (VEN) in combination with azacitidine (5-AZA) is cur-

rently transforming acute myeloid leukemia (AML) therapy. However, there is a lack
of clinically relevant biomarkers that predict response to 5-AZA/VEN. Here, we integrated transcrip-
tomic, proteomic, functional, and clinical data to identify predictors of 5-AZA/VEN response. Although
cultured monocytic AML cells displayed upfront resistance, monocytic differentiation was not clinically
predictive in our patient cohort. We identified leukemic stem cells (LSC) as primary targets of 5-AZA/
VEN whose elimination determined the therapy outcome. LSCs of 5-AZA/VEN-refractory patients
displayed perturbed apoptotic dependencies. We developed and validated a flow cytometry-based
“Mediators of apoptosis combinatorial score” (MAC-Score) linking the ratio of protein expression of
BCL2, BCL-xL, and MCL1 in LSCs. MAC scoring predicts initial response with a positive predictive value
of more than 97% associated with increased event-free survival. In summary, combinatorial levels of
BCL2 family members in AML-LSCs are a key denominator of response, and MAC scoring reliably pre-
dicts patient response to 5-AZA/VEN.

SIGNIFICANCE: Venetoclax/azacitidine treatment has become an alternative to standard chemo-
therapy for patients with AML. However, prediction of response to treatment is hampered by the lack
of clinically useful biomarkers. Here, we present easy-to-implement MAC scoring in LSCs as a novel

strategy to predict treatment response and facilitate clinical decision-making.

INTRODUCTION

Acute myeloid leukemia (AML) remains a cancer with
dismal prognosis, particularly in elderly or frail patients
ineligible for high-dose chemotherapy as well as patients with
high-risk disease (1). The survival of AML cells is dependent
on the expression of antiapoptotic factors such as BCL2
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(2-4). In recent years, venetoclax (VEN), a potent BCL2 inhibi-
tor, in combination with hypomethylating agents (HMA),
such as azacitidine (5-AZA), has replaced HMAs alone as
standard-of-care treatment for patients with AML unsuitable
for intensive induction chemotherapy, comprising around
50% of AML cases (1, 5).

Owing to its effectiveness and good tolerability, VEN-based
therapies are now under investigation as first-line treatment
for adult patients with AML eligible for intensive induc-
tion chemotherapy such as cytarabine and daunorubicin
(NCT04801797 and NCT05177731). Therefore, longitudinal
studies linking treatment response to molecular and cytoge-
netic aberrations are essential to identify the most suitable
therapy for each patient with AML. Moreover, biomarkers are
required to predict upfront resistance or relapse following
the initial response (6). The European LeukemiaNet (ELN)
2017 risk classification currently used to guide treatment
decisions for patients with AML, as well as the new ELN
2022, were established prior to VEN-based treatment and
might therefore not precisely predict response to 5-AZA/
VEN (6, 7). Several denominators for VEN sensitivity have
been proposed, such as cell of origin (8), apoptotic priming
(9), and monocytic differentiation of blasts (6, 10, 11). The
latter has gained particular attention in several studies, and
refers to AMLs previously classified as myelomonocytic (M4)
or monocytic (MS5) based on the French-American-British
(FAB) classification and/or that contain blast cells with high
levels of CD11b*, CD64", or CD68* expression as detected
by flow cytometry (12). Ex vivo treatment and transcriptome
data have suggested that monocytic AMLs may represent a
separate entity of AMLs associated with primary resistance to
5-AZA/VEN treatment (10). Others have shown that reactive
oxygen species (ROS)-low, leukemic stem cell (LSC)-enriched
AML fractions of monocytic but not primitive AMLs are
resistant to 5-AZA/VEN due to dependence on MCL1 rather
than BCL2 for survival (10). In contrast, analysis of two recent
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clinical AML cohorts did not identify monocytic differentia-
tion to be associated with inferior outcomes due to impaired
response to HMA/VEN treatment, suggesting more complex
scenarios in clinical settings (1, 13).

To mechanistically explore the basis for these clinically rel-
evant discrepancies, we investigated the impact of monocytic
differentiation on therapy response. We report that monocytic
blasts do not harbor significant functional LSC potential.
However, a population of immature, GPR56" leukemic stem
cell-like (LSC-like) cells are BCL2-dependent and are rapidly
cleared in patients with AML responsive to 5-AZA/VEN ther-
apy, demonstrating the effectiveness of VEN on LSC-like cells.
We further report a clinically translatable biomarker to predict
S-AZA/VEN response. We developed a flow cytometry-based
“Mediators of apoptosis combinatorial score” (MAC-Score)
that integrates BCL2, BCL-xL, and MCL1 protein expression
levels specifically in GPR56" LSC-like cells using standard flow
cytometry. MAC-Score can predict individual patient response
as well as duration of 5-AZA/VEN therapy. It outperforms
genetic predictors of response and may enable rational patient
selection for first-line 5-AZA/VEN treatment for a significant
fraction of patients with AML.

RESULTS

Ex Vivo Resistance of AML to 5-AZA/VEN Is
Associated with Myeloid Differentiation

To identify predictive parameters for the response to
5-AZA/VEN treatment, we evaluated the sensitivity of 19
AML cell lines treated for 72 hours in vitro. After stratifying
these based on the mean fluorescent intensity (MFI) of the
monocytic marker CD64 into monocyte-like AMLs (Mono-
AML) and primitive-like AMLs (Prim-AML), we observed
that Mono-AML cell lines were resistant to 5-AZA/VEN. The
majority of Prim-AML cell lines were sensitive even at low
concentrations of VEN (Fig. 1A). Overall, the mean ICs, of
Mono-AML cell lines was 155-fold higher compared with
Prim-AML cell lines (1,901 nmol/L vs. 12 nmol/L VEN in
the presence of 1.5 umol/L 5-AZA; Supplementary Fig. S1A;
Supplementary Table S1). To validate the 5-AZA/VEN resist-
ance of Mono-AMLs observed in cell lines, we treated primary
cells from 12 patients with AML with increasing concentra-
tions of 5-AZA and VEN. Unsupervised clustering on the cell
viability measured after 72 hours of drug exposure revealed
two independent clusters. The cluster associated with treat-
ment resistance contained exclusively samples with more
than 40% CD64*CD11b" cells pretreatment (Fig. 1B), whereas
specimens with less than 20% CD64"CD11b" cells were highly

sensitive to VEN-based treatment and clustered separately
(Fig. 1B). These data further support the notion that myelo-
monocytic differentiation of bulk AML cells is associated
with ex vivo resistance to 5-AZA/VEN treatment. The percent-
age of CD64*CD11b" cells obtained from the unsupervised
clustering is used from now on to stratify AML patient sam-
ples into Mono-AML (>40%) and Prim-AML (<20%).

Clinical Response of AML 5-AZA/VEN Is
Independent of Myeloid Differentiation

To determine the clinical relevance of our findings, we
analyzed a cohort of 54 newly diagnosed patients with AML
who received 5-AZA/VEN at Heidelberg University Hospi-
tal between 2019 and 2022 for parameters associated with
refractoriness to that treatment. Fourteen patients (26%) did
not achieve remission. Importantly, the frequency of CD64*
blasts did not predict therapy resistance (Fig. 1C-E; Sup-
plementary Table S2). Using univariate logistic regression
analysis, we identified (i) previous myelodysplastic syndrome
or myeloproliferative neoplasm (MDS/MPN), (ii) adverse risk
AMLs according to the 2017 ELN classification, and (iii) com-
plex karyotype (CK) as the only statistically significant factors
predicting the risk of refractory disease (Fig. 1C). CK and
MDS/MPN also trended toward independent predictors in
the multivariate analysis, with 50% of these patients being
refractory. ELN “adverse” was not confirmed as an independ-
ent predictor due to the high response rates of RUNXI and
ASXLI mutated AMLs (Fig. 1E and F). Additional previously
proposed predictors of response in AML, including frequency
of CD34* blasts, bone marrow blast at diagnosis, peripheral
blood leukocyte count, or age, were not associated with poor
response in our analysis (Fig. 1C; Supplementary Fig. S1B). In
addition, we investigated the potential outgrowth of mono-
cytic clones by studying longitudinal flow cytometry reports
available for 13 patients with primary refractory disease.
CD64 surface expression in bone marrow (BM) AML blasts
on day 15 and/or day 30 post-treatment was not associated
with therapy resistance (Supplementary Fig. S1C). Taken
together, these data show that myelomonocytic differen-
tiation based on CD64 staining is not a reliable predictor of
response to 5-AZA/VEN in patients.

LSCs Are Enriched in Immature GPR56" Blasts
in Monocytic and Primitive AML

We hypothesized that the discrepancy between clinical
and preclinical data was caused by analyzing bulk AML
patient samples rather than focusing on the subpopulation
of disease-driving LSCs with clonal outgrowth capacity

>

Figure 1. Monocytic characteristics indicate poor response to 5-AZA/VEN in cultured AML cells, but fail to predict clinical response in patients. A, Nine-
teen AML cell lines classified as primitive (Prim-AML, n=11) or monocytic (Mono-AML, n =8) based on CD64 surface expression (Mono-AML: MF| > 3,500,
Prim-AML: MFI < 1,000) were treated ex vivo with 1.5 umol/L of 5-AZA and increasing concentrations of VEN for 72 hours. Representative data of two
independent replicates. Mean + SEM of technical replicates. B, Mononuclear cells of patients with AML (N=12) were treated ex vivo for 72 hours on a drug
matrix with increasing 5-AZA and VEN concentrations. Unsupervised clustering was performed based on viability. Each quadrant represents one well with
a specific 5-AZA/VEN combination on the drug matrix. C-F, Fifty-four untreated naive patients with AML treated with 5-AZA/VEN as first-line therapy
were retrospectively assessed for risk factors of response/refractoriness to therapy. C, Univariate logistic regression was performed for every parameter.
Multivariate logistic regression was performed on parameters with P < 0.1 in the univariate analysis. D, Percentages of CD64* cells in pretreatment AML
samples. E, Number of responding or refractory patients associated with differentiation state (based on the percentage of CD64*) or ELN classification
groups. F, Abundance of different mutations within responding and refractory patients. ORR, objective response rate. Parts of the figure were created

with BioRender.com.

1410 | CANCER DISCOVERY JUNE 2023

AACRJournals.org



BCL2 Family Expression in LSCs Predicts VEN Response in AML RESEARCH ARTICLE

A AML cell lines (N = 19) 72-h culture B  AML patient samples (N = 12) 72-h culture

1234567809101112 3456789101112

—>

Prim-AML  Mono-AML Prim-AML  Mono-AML
(n=11) (n=18) 5-AZA/VEN (n=6) (n=16)

CD64"CD11b* (%)
120 CD64*CD11b* (%)
P #39 g a2
— r
3 100 i #57 40
T m #38 50
£ 80+ ; #30
£ A Viability (%)
2 60- m #27 100
S L #34 Fso
& 40- M #14 g8
(_.% 20 g #25 I%O
> V7| mPrim-AML cell lin #11
= Mono-AML cell line " #50 VEN (nmol/L)
0 R VR R VIR VR " #33 I:}gegsﬁ
EIRRREAOEEN A T 1 5
S ESSESS S S S =
S AT T T ATAT 1 o A Yoo M M W W '™ M VEN (nmolL)
N YO TAR® S8 S 5-AZA (umol/L)  2-AZA (kmollL)
5 .
VEN + 1.5 umol/L 5-AZA Q0 139
c Patient Total Univariate Multivariate
characteristics (n=54) ORR (Cl 95%) Pvalue | ORR (Cl 95%) Pvalue
Age (Range) 70.2 (44-83) |1.05(0.98-1.14)  0.18
Sex (female) 17 (31.5%) 1.97 (0.51-9.8) 0.35
Previous:
- MDS/MPN 17 (31.5 %) 4.59 (1.3-17.6) 0.02 2.6 (0.54-12.8) 0.23
-HMA treatment | 7 (13.0 %) 4.93 (0.95-28.7) 0.06 3.1 (0.43-23.4)  0.25
ELN good 12 (222 %) |0.20 (0.01-1.2) 0.14
ELN intermediate 11 (20.4 %) 0.44 (0.06-2) 0.33
ELN adverse 29 (53.7 %) |4.48 (1.2-22.1) 0.04 1.8 (0.28-12) 0.54
Genetics:
Complex 16 (29.6 %)  |5.33 (1.5-20) 0.01 3.8 (0.75-23) 0.12
NPM1 12 (22.2 %) 0.23 (0.01-1.4) 0.18
IDH1/2 15 (27.8 %) 0.14 (0.008-0.83) 0.07 0.17 (0.008-1.2) 0.13
RUNX1 11 (20.4 %) 1.09 (0.21-4.57) 0.91
N-/KRAS/PTPN1 9 (16.7 %) 0.79 (0.11 t0 3.8) 0.78
ASXL1 8 (14.8 %) 1.17 (0.15-6.2) 0.86
TP53 8 (14.8 %) 3.6 (0.74-17.9) 0.11
CD64" blasts
0%—50% 43 (79.6 %) 0.53 (0.13-2.4) 0.38
50%—-100% 11 (20.4 %) 1.89 (0.42-7.7) 0.38
D E F Mutational abundance
N Complex
CD64" blasts Differentiation state ELN classification karyotype ==
100 IDH1/2 _-=
@ ° NPM1 e
=
" L Responder RUNXT 1=
% [Cln B o DNMT3A e
= =
l: FAS = Responder
8 50 o ASXL1 B =
e
% ? Refractory P53 = Refractory
®¥ 251 TET2 == -
FLT3 =
ELN-good JAK2————
0- m CD64 0%-50%  m ELN-tarmediate — T
Responder Refractory B CD64 50%—-100% B E[ N-adverse 0 20 40 60

% of patients

AAC—R American Association for Cancer Research® JUNE 2 OZ 3 CANCER DISCOVERY I 1411



RESEARCH ARTICLE

Waclawiczek et al.

that might determine initial response to 5-AZA/VEN treat-
ment. AML is a highly heterogeneous disease, and reli-
able detection of LSCs across genetic subclasses has proven
difficult. Therefore, we aimed to functionally and tran-
scriptionally characterize LSCs specifically in Mono-AML
and Prim-AML samples. Cell-surface expression of CD64
and CD11b readily distinguished two predominant cell
populations in our cohort of 72 diagnostic AML samples:
Mature CD64'CD11b* blasts were the predominant popu-
lation in Mono-AMLs, but were present in Prim-AMLs as
well, although at much lower frequencies (40%-97.6% and
0.1%-20% of leukemic blasts, respectively; Fig. 2A and B). To
study subpopulations within immature blasts, we included
GPRS56 expression, a marker for LSCs and adverse outcome
in AML (14, 15), to further enrich for functional LSCs in
both Mono-AML and Prim-AML samples. We identified an
immature GPR56* population ranging from 0.4% to 92.6% of
all AML cells in all examined samples including Prim-AMLs
and Mono-AMLs as well as NPM1 wild-type and mutated
patient samples for which classic LSC surface markers,
such as CD34, often fail to define leukemia initiating cells
(Fig. 2A and B; Supplementary Fig. S2A; refs. 14, 16-519).
To validate the association between GPRS6 expression and
leukemogenicity in Mono- and Prim-AML, FACS-sorted
CD64*CD11b" mature, immature GPR56~ (non-LSCs), and
immature GPR56" (LSC-like) populations from 14 patient
samples were injected into NSG mice and assessed for leu-
kemogenic potential (Fig. 2C). In 14 of 14 AML specimens,
leukemic engraftment (CD45*CD33*) was initiated by the
LSC-like population while in only 2 of 14 patients non-
LSC-like and mature fractions generated relevant leukemic
engraftment (Fig. 2D and E). We observed no differences in
the leukemogenic potential of LSC-like cells derived from
Mono-AMLs or Prim-AMLs as both AML subclasses showed
superior engraftment of the LSC-like population.

The Immature GPR56" Fraction Is Enriched for
Stemness-Associated Molecular Programs

Due to the similarities in the leukemogenic potential
observed in LSC-like cells from both Mono-AMLs and
Prim-AMLs, we sought to further characterize LSC-like
and mature cells by performing RNA sequencing on sorted
cell populations from 23 patients with AML. Intriguingly,
dimensionality reduction using principal component
analysis (PCA) revealed clear clustering of the samples
based on population (LSC-like and mature) but not based

on the two AML subclasses (Fig. 2F). For selected sam-
ples, we also sequenced the non-LSCs that clustered either
with LSC-like or mature cells. Differential gene-expression
analysis between LSC-like and mature cells showed that
the upregulated genes in LSC-like cells contained known
cancer stem cell markers, including KIT, ERG, GPRS6, and
PROMI (14, 15, 20-23), while upregulated genes in mature
cells included monocytic markers such as SI00A9, SI00AS,
and CDI4 and were enriched for pathways associated
with myeloid differentiation (refs. 24-27; Supplementary
Table S3; Supplementary Fig. S2B and S2C). Moreover,
several stemness scores, including the LSC17 score, were
significantly higher in LSC-like compared with mature
cells, irrespective of the AML subclass. As expected, non-
LSCs scored in between these two populations (Fig. 2G;
Supplementary Fig. S2D; ref. 15). As we observed no strik-
ing differences between LSC-like cells from AML samples
stratified based on their monocytic-like surface expression
on blasts, we also assessed whether genetics would explain
the subtle differences observed between different LSC-
like samples in the PCA. Indeed, RUNXI-mutated LSC-like
cells and NPM1-mutated LSC-like cells clustered separately
(Supplementary Fig. S2E). These findings highlight the
transcriptomic stemness characteristics of functionally
defined LSC-like cells and indicate that the transcriptomic
clustering of LSCs is largely determined by the underlying
mutational profile rather than the differentiation state of
their blast progeny.

LSC-like Cells Predominantly Express
BCL2, whereas MCL1 Is Highly Expressed
in Mature Blasts

Intrigued by the similar clinical responses of Mono-AMLs
and Prim-AMLs to 5-AZA/VEN treatment, we analyzed the
gene expression of BCL2 family members, such as BCL2,
MCLI, and BCL2L1, within the LSC-like population of either
AML subclass. In line with previous studies (4), BCL2 was
4.7-fold more highly expressed in the LSC-like popula-
tions compared with the mature populations (FDR < 0.01;
Fig. 2H), whereas MCLI expression was 2.3-fold higher
in the mature populations compared with LSC-like cells
(FDR < 0.01; Fig. 2H and I). When we compared the expres-
sion of BCL2 and MCLI within either LSC-like or mature
cells, we did not find any significant differences between
Mono-AMLs and Prim-AMLs. In contrast, expression of
BCL2L1, encoding for BCL-xL, was not skewed toward a

>

Figure 2. LSC-like cells as defined by functional and transcriptomic parameters are predominantly located in the immature GPR56 but not in the
CD64*CD11b* mature subpopulation. A, FACS gating strategy for mature, non-LSC, and LSC-like subpopulations. Displayed are AML bulk cells from
primitive CD34* (NPMI-wild-type), CD34- (NPM1-mutated), and monocytic (NPM1-mutated) samples. B, Percentages of mature, non-LSC-like, and
LSC-like subpopulations among bulk AML cells in 72 diagnostic AML samples sorted by the frequency of the mature population. C, Schematic overview
of the experimental setup for xenotransplantation experiments and RNA sequencing (RNA-seq) of FACS-sorted subpopulations. D, Percentage of human
leukemic engraftment obtained from mature, non-LSC, and LSC-like subpopulations of 14 AML samples at endpoints in the bone marrow of NSG mice.
Each dot represents an individual mouse with the line marking mean engraftment levels. E, Mean percentage of human engraftment per mouse obtained
from mature, non-LSC, and LSC-like subpopulations of 14 AML samples at endpoints in the bone marrow of NSG mice. Each dot represents an individual
patient with AML with the line marking mean engraftment levels. Friedmann test was used to compare LSC-like with non-LSC-like and mature subpopu-
lations. F, PCA plot of bulk RNA-seq data from LSC-like, non-LSC, and mature subpopulations from Prim-AML (n = 14) and Mono-AML (n = 9) annotated
based on subpopulation and AML subclass. Each dot represents a population from one AML sample. G, LSC17 score in LSC-like, non-LSC, and mature
subpopulations from Prim-AML (n = 14) or Mono-AML (n = 9) patient samples. LSC17 score was calculated for each AML sample as the mean expression
of the 17 LSC signature genes. H-J, Normalized counts of BCL2 (H), MCL1 (1), and BCL2L1 (J) expression in LSC-like, non-LSC, and mature subpopulations
from Prim-AML (n=14) or Mono-AML (n = 9) patient samples. (continued on next page)
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Figure 2. (Continued) K, Schematic representation of the experimental setup used in L-0 to measure intracellular BCL2, MCL1, and BCL-xL protein
expression by flow cytometry. L and M, Mean fluorescence intensity (MFI) of BCL2 in (L) AML bulk and (M) LSC-like, non-LSC, and mature subpopulations
from Prim-AML (n=11) or Mono-AML (n = 7) patient samples. N and 0, MFl of MCL1 in (N) AML bulk and (0) LSC-like, non-LSC, and mature subpopula-
tions from Prim-AML (N =11) or Mono-AML (N =7) patient samples. P and Q, Representative tSNE plots of (P) AML26 (Prim-AML) and (Q) AML50 (Mono-
AML) showing expression of CD64, CD34, GPR56, MCL1, BCL2, and BCL-xL. AML bulk is defined as mononuclear cells from patients with AML after the
exclusion of dead cells, doublets, lymphocytes, and nucleated erythrocytes. Two-way ANOVA with Tukey correction for multiple comparisons test was
used to compare groups of four, and Mann-Whitney test was used to compare groups of two unless specified otherwise. Each dot represents an AML
patient sample with the line marking the mean unless specified otherwise. Fix, fixation; IC-staining, intracellular staining; Mut, mutated; NL, non-LSG;
NSG, NOD.Prkdcscd./2rgn!; Perm, permeabilization; WT, wild-type. Parts of the figure were created with BioRender.com.

particular population (Fig. 2]). Furthermore, transcriptomic
analysis of the extended BCL2 family also did not cluster
based on AML subclass (Supplementary Fig. S2F). These
results suggest that LSC-like cells express higher levels of
BCL2 and lower levels of MCL1 compared with more mature
cells, irrespective of the overall AML differentiation status.
To confirm expression levels of the BCL2 family mem-
bers on the protein level, we established an intracellular
staining protocol for flow cytometry combining our surface
marker panel with antibodies specific for BCL2, MCL1, and
BCL-xL (Fig. 2K). Without subgating on LSC-like, non-
LSC, or mature populations, bulk AML cells derived from
Prim-AMLs showed substantial heterogeneity and a 1.7-fold
higher expression of BCL2 proteins compared with the over-
all more homogeneous expression in Mono-AMLs (Fig. 2L).
The analysis of pregated populations, however, revealed that
BCL2 was 2.7-fold more highly expressed in LSC-like cells

compared with mature cells, but this was irrespective of
AML subclass, abrogating the AML subclass-associated dif-
ferences observed in the bulk analysis (Fig. 2M). Vice versa,
MCL1 protein assessment in bulk revealed 2.1-fold higher
levels in Mono-AMLs compared with Prim-AMLs (Fig. 2N).
After gating on the LSC-like and mature populations, MCL1
protein expression did not differ between Mono-AML and
Prim-AML samples, with MCL1 being 2.1-fold more highly
expressed in the mature cells compared with LSC-like cells
(Fig. 20). In contrast to the opposing behavior of BCL2
and MCL1, BCL-xL showed no clear population nor AML
subclass-specific expression differences (Supplementary
Fig. S2G and H).

Further dissecting the relative distributions of LSC-like and
mature cells in both subclasses, representative t-distributed
stochastic neighbor embedding (tSNE) plots of two repre-
sentative AML cases analyzed by flow cytometry demonstrate
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that Prim-AMLs contained more immature LSC-like cells,
expressing high levels of GPR56 together with BCL2, but
also contained a smaller fraction of mature cells expressing
CD64 and MCL1 (Fig. 2P). On the contrary, Mono-AMLs
were enriched for more mature cells expressing high levels
of CD64 and MCL1, and contained only a small immature
LSC-like population expressing CD34, GPRS6, and BCL2
(Fig. 2Q). Taken together, assessment of BCL2, MCL1, and
BCL-xL protein levels extends the findings of the transcrip-
tional data and highlights the similarities of the LSC-like
populations of Prim-AMLs and Mono-AMLs despite the fact
that their relative frequencies vary extensively in the two dif-
ferent AML subclasses.

BH3 Profiling Confirms That LSC-like Cells of
Both AML Subclasses Are BCL2-Dependent

Next, we studied whether the LSC-like and mature
population-specific expression differences of BCL2 fam-
ily members translate into functional consequences. To
address this, we first performed BH3 profiling to measure
the activity of apoptotic pathways in the same AML sam-
ples. Similar to the intracellular staining of BCL2 family
members, we combined our surface markers with BH3
profiling to assess mitochondrial apoptotic priming and
dependence on prosurvival BCL2 family proteins in bulk
AML as well as in pregated LSC-like, non-LSC, and mature
cells. Briefly, we exposed unperturbed cells to proapoptotic
BH3 peptides plus different mimetics to assess the release
of mitochondrial cytochrome C, which irreversibly drives
cells into apoptosis (ref. 2; Fig. 3A and B). In unsorted,
bulk AML cells, dependence on BCL2 was higher in Prim-
AMLs compared with Mono-AMLs upon exposure to BH3
mimetic VEN (Fig. 3C). However, differential analysis on
pregated LSC-like, non-LSC, and mature cells abrogated
this difference while revealing that LSC-like cells were
more dependent on BCL2 compared with the non-LSC
and mature cells in both AML subclasses (Fig. 3D). This
was supported by increased sensitivity of LSC-like cells to
BAD, a BH3 peptide interacting with BCL2 (Supplemen-
tary Fig. S2I and S2J). The exact opposite effect was found
after assessing the dependency on MCL1 via cytochrome
C release upon exposure to the BH3 peptide MS-1 (Fig. 3E
and F). Here, mature cells showed a 1.7-fold higher MS-1-
mediated apoptotic priming compared with LSC-like cells,
irrespective of the AML subclass. In agreement with the
BCL-xL protein expression pattern, exposure to the BH3
peptide HRK showed neither clear population nor AML
subclass-specific dependency for BCL-xL (Supplementary
Fig. S2K and S2L).

Taken together, our data suggest that the differences in the
mRNA and protein expression of BCL2 and MCL1 predict
cellular population-specific dependencies (LSC-like/mature),
which are independent of AML subclass. In general, LSC-like
cells were most dependent on BCL2.

Ex Vivo 5-AZA/VEN Exposure Eradicates LSC-like
but Spares Mature Cells in Both AML Subclasses

Because BH3 profiling indicated that LSC-like cells
depend on BCL2 and mature cells on MCL1, we hypothesized

that differential ex vivo treatment response of bulk Prim/
Mono-AMLs to the combination of 5-AZA/VEN is mainly
driven by these subpopulations. Therefore, we exposed bulk
AML cells from 18 newly diagnosed patients to 5-AZA/
VEN for 24 hours and analyzed the viability of bulk cells
and subpopulations in comparison with untreated controls
by flow cytometry (Fig. 3G). As expected, bulk cells from
Mono-AML patient samples exhibited significantly higher
resistance to the treatment compared with Prim-AMLs
(Supplementary Fig. S2M). The analysis of subpopulation
viability post-5-AZA/VEN revealed that in both AML sub-
classes 5-AZA/VEN only marginally reduced the mature
population by 40% + 32% and 22.5% + 11.5% in Prim-AMLs
and Mono-AMLs, respectively (Fig. 3H). In comparison,
LSC-like cells derived from both Prim-AML and Mono-
AML subclasses were efficiently eliminated by 90% + 10.6%
or 79% + 19%, respectively (Fig. 3H). Representative tSNE
plots of viable cells from two AML samples were overlaid
with heat maps of CD64 and GPRS56 expression to identify
mature and LSC-like fractions, respectively (Fig. 3I and J).
The differential response between mature and LSC-like
cells was further corroborated in the remaining viable
cells as LSC-like cells were replaced by an enrichment
of mature cells independent of AML subclasses (Fig. 3I
and J). In line with the results from BH3 profiling and
of BCL2 expression, these data show that the differences
in bulk AML sensitivity are driven mainly by the initial
difference in proportions of the treatment-resistant but
not disease-propagating mature subpopulation between
Prim-AML and Mono-AML samples. Importantly, LSC-like
cells were effectively eliminated by 5-AZA/VEN in both
AML subclasses.

5-AZA/VEN Rapidly Clears LSC-like Cells
in Responsive Patients

We next evaluated the potential of 5-AZA/VEN to target
LSC-like cells in patients. For this purpose, peripheral
blood mononuclear cells (PBMC) were collected from three
patients with AML with peripheral blasts before treatment
initiation (day 0) and during 5-AZA/VEN therapy between
days 1 and 6 (Fig. 3K). All three patients responded to
therapy and achieved a significant reduction of the periph-
eral blast count within the first 24 hours of treatment.
Although the relative number of LSC-like cells decreased
and remained low, a significant fraction of mature and
non-LSC cells persisted in all three patients during the
first days of treatment (Fig. 3L and M). Based on this, we
assessed the ability of ex vivo 5-AZA/VEN treatment to pre-
dict clinical response. We compared the viability of LSC-
like, non-LSC, and mature fractions after 24 hours ex vivo
5-AZA/VEN treatment in 24 patients with known clinical
response to first-line 5-AZA/VEN (Fig. 3N). Despite con-
siderable heterogeneity, LSC-like and to a lesser extent
non-LSC cells from refractory patients were more resist-
ant to treatment ex vivo, whereas mature cells remained
unaffected by the ex vivo drug treatment and their ex vivo
response was independent of the patient’s clinical response
(Fig. 30). These data further highlight the need to study
disease-driving LSC-like subpopulations in AML to assess
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therapy response and raise the possibility that functional
properties of LSC-like cells could be predictive of the
response to 5-AZA/VEN treatment.

Rapid and Robust Prediction of Ex Vivo Response
by a BCL2 Family-Based LSC-like Response Score

Flow cytometry is a routine diagnostic tool for the diagnosis
and clinical monitoring of AML and can support clinical deci-
sion-making within several hours after sampling. We hypoth-
esized that BCL2 family protein expression levels in LSC-like
cells might predict patient response to 5-AZA/VEN treatment
at diagnosis. To address this, we performed ex vivo 5-AZA/VEN
treatment with simultaneous intracellular staining of BCL2,
MCL1, and BCL-xL on 54 diagnostic AML patient samples
(Supplementary Fig. S3A). Stratification based on the viability
of LSC-like cells (<5%, 5%-20%, or > 20%) after 24 hours ex
vivo 5-AZA/VEN treatment showed higher intracellular BCL2
expression scores in AML specimens sensitive to ex vivo treat-
ment (Supplementary Fig. S3B).

Although BCL2 conveys sensitivity to VEN, MCL1 and
BCL-xL can promote survival independent of BCL2 (5). Thus,
to additionally account for these factors contributing to
resistance, we incorporated all three proteins into a singular
response score and termed it the MAC-Score, which can be cal-
culated for subpopulations defined by flow cytometry. MAC-
Score calculates the ratio between the normalized MFI of the
drug target (BCL2) and the normalized MFI of the resistance
factors (sum of MCL1 and BCL-xL) as follows: BCL2Nerm- MFI/
(MCL1Nerm-MFLy B, x] Norm-MEFL for details, see Methods).

Accounting for the alternative inhibitors of apoptosis and
potential mediators of VEN resistance, MAC-Score further
improved separation between ex vivo 5-AZA/VEN sensitivity
AML samples compared with individual protein levels (Sup-
plementary Fig. S3B-S3E). These data highlight the benefit
of combinatorial assessment of BCL2 family proteins specifi-
cally within LSC-like cells.

MAC-Score in LSC-like Cells Predicts Clinical
Response and Remission Duration of 5-AZA/VEN

We next assessed whether individual BCL2 family protein
levels or MAC-Score predict clinical response to 5-AZA/
VEN treatment. We analyzed the expression of BCL2 family

proteins BCL2, MCL1, and BCL-xL together with cell-
surface expression profiling in 35 diagnostic samples from
two independently processed multicenter cohorts (Fig. 4A,
cohorts 142). Here, BCL2 was significantly more highly
expressed in LSC-like cells of patients achieving CR, CRi,
or morphologic leukemia-free state (MLFS; responder),
whereas MCL1 and BCL-xL were more highly expressed
in patients with stable disease (SD), partial response
(PR), or progressive disease (PD; nonresponder; Fig. 4B).
Similar trends were observed in non-LSC cells and total
blasts, whereas BCL2 family expression in mature cells
did not differ between responders and nonresponders
(Supplementary Fig. S4A-S4C). However, expression of
neither BCL2 family protein alone in LSC-like cells nor in
other subpopulations provided a clear separation between
responders and nonresponders, and the levels of all three
proteins showed high interpatient variability (Fig. 4B; Sup-
plementary Fig. S4A-S4C).

As MAC-Score outperformed the individual BCL2 fam-
ily proteins in predicting 5-AZA/VEN response ex vivo, we
calculated MAC-Scores in LSC-like, non-LSC, mature, and
total blast cells also in these two patient cohorts (Fig. 4C
and Dj; Supplementary Table S4). Both cohorts individu-
ally and together showed significantly higher MAC-Scores
in LSC-like cells derived from patients who responded to
5-AZA/VEN treatment compared with the LSC-like cells
analyzed from nonresponder patients (Fig. 4C and D; Sup-
plementary Fig. SSA and SS5B). This phenomenon was also
detected in total blasts but to a lower extent and without
a clear separation between responders and nonrespond-
ers (Fig. 4D). These findings indicate that MAC-Score in
LSC-like cells outperforms expression of individual BCL2
family proteins as a binary predictor of clinical response
to S-AZA/VEN.

To study response duration, we assessed event-free survival
(EFS) of these two cohorts. Patients who discontinued treat-
ment due to reasons other than disease progression were cen-
sored. For both cohorts, we observed a significantly longer
S-AZA/VEN response in patients with median MAC-Scores
greater than 0.4 compared with patients with median MAC-
Scores less than 0.4 in LSC-like cells (Fig. 4E; Supplementary
Fig. SSC-SSE). BCL2 family proteins alone did not reach

<

Figure 3. LSC-like and mature subpopulations show distinct dependencies on antiapoptotic proteins and response to 5-AZA/VEN therapy independ-
ent of AML subclass. A, Workflow for C-F. Mononuclear cells of diagnostic AML patient samples were stained with surface antibodies, followed by BH3
profiling and quantification of AUC to assess apoptotic susceptibility in bulk and pregated subpopulations. B, Overview of assessed BH3 mimetics and
their target proteins. C and D, AUC of VEN mediated cytochrome C release in (C) AML bulk and (D) LSC-like, non-LSC, and mature subpopulations from
Prim-AML (n=11) or Mono-AML (n =7) patient samples. E and F, AUC of MS1 mediated cytochrome C release in (E) AML bulk and (F) LSC-like, non-LSC,
and mature subpopulations from Prim-AML (n=11) or Mono-AML (n=7) patient samples. Each dot represents an individual AML patient sample with the
line marking the mean. Mann-Whitney test was used to compare groups of two. Two-way ANOVA with Tukey correction for multiple comparisons test was
used to compare groups of four. G, Schematic representation of ex vivo treatment strategy for H-J. Mononuclear cells of diagnostic AML patient samples
(N=18) were treated ex vivo for 24 hours at 1.5 pmol/L 5-AZA and 100 nmol/L VEN. H, Relative viability of LSC-like, non-LSC, and mature subpopula-
tions from Prim-AML (n = 11) or Mono-AML (n = 7) patient samples was compared using two-way ANOVA with Tukey correction for multiple comparisons
test.land J, Representative tSNE plots of (I) AML26 (Prim-AML) and (J) AML50 (Mono-AML) highlighting expression of CD64 and GPR56 in 5-AZA/
VEN-treated and untreated controls. K, Schematic representation of PBMC collection strategy of patients with AML undergoing 5-AZA/VEN therapy.
L, Quantification of mature, non-LSC, and LSC-like cell counts from PBMCs relative to pretherapy in the first week of 5-AZA/VEN treatment in 3 patients
undergoing therapy initiation. Each line represents an individual patient with each dot on the line representing an individual timepoint of the patient.

M, Representative gating strategy highlighting population dynamics of LSC-like and mature AML cell frequencies during the first week of 5-AZA/VEN
treatment. All percentages represent the fraction of total live-singlet AML cells. N, Schematic representation of ex vivo treatment strategy for 0.
Mononuclear cells of 5-AZA/VEN first-line-treated patients with AML (N = 24) were treated ex vivo for 24 hours at 1.5 umol/L 5-AZA and 100 nmol/L
VEN. 0, Relative viability of LSC-like, non-LSC, and mature subpopulations was compared using the Mann-Whitney test. Each dot represents an AML
patient sample with the line marking the mean unless specified otherwise. Ab, antibody. Parts of the figure were created with BioRender.com.
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the same predictive value compared with MAC scoring, even
though high BCL2 levels alone predicted longer and high
MCL1 shorter EFS if analyzed in LSC-like cells (Fig. 4E; Sup-
plementary Fig. S5F-S5H). Moreover, neither MAC-Score
nor individual protein levels of the three BCL2 members
determined from the other subpopulations provided reason-
able predictive power and all were outperformed by MAC-
Score in LSC-like cells (Supplementary Fig. SSE-SSH). We
then validated these findings in a third, independently pro-
cessed cohort (n = 24), in which MAC-Scores in LSC-like cells
were again significantly higher in patients who responded
to 5S-AZA/VEN treatment and were low in patients who did
not (Fig. 4F). EFS was also longer for patients with above-
median MAC-Scores, suggesting improved therapy response
(Fig. 4G). Collectively, these findings support the concept
that MAC-Score in LSC-like cells can accurately predict
response to first-line treatment with 5-AZA/VEN in older,
frail patients, outperforming prediction based on individual
BCL2 family proteins alone.

5-AZA/VEN is currently under investigation for first-line
treatment of younger patients and has shown efficacy as a
salvage therapy option for relapsed and refractory patients.
Therefore, we tested if response to 5-AZA/VEN can be pre-
dicted in young, relapsed/refractory patients by assessing
MAC-Scores in 23 AML samples receiving 5-AZA/VEN as sal-
vage therapy (Fig. 4H). The samples were biobanked either at
diagnosis or before the start of 5-AZA/VEN treatment. In this
salvage setting, MAC-Scores above median were again highly
predictive of binary clinical response and longer EFS, opening
the path for the prospective assessment of biomarker-based
choice of induction regimen (Fig. 41 and J). Together, MAC-
Score enabled a robust identification of patients who benefit
from S5-AZA/VEN as first-line and salvage therapy and is a
step toward selecting the best therapy for each patient on an
individual basis.

MAC-Score in LSC-like Cells Outperforms
BH3 Profiling

Measurement of apoptotic dependence by BH3 pro-
filing has previously been proposed as a predictor of
response to 5-AZA/VEN (9). To compare MAC-Score with
BH3 profiling, we selected 15 samples (7 nonresponders
vs. 8 responders) from the three cohorts above treated

first-line with S-AZA/VEN and assessed both readouts.
As expected, MAC-Score was highly predictive of binary
clinical response (Supplementary Fig. S6A). Moreover, EFS
showed robust differences when stratified by either the
median MAC-Score of the selected 15 samples or the previ-
ously established cutoff of 0.4 (Supplementary Fig. S6B
and S6C). In contrast, BH3 profiling in LSC-like cells based
on VEN-, HRK-, or MS1-induced cytochrome C release did
not predict clinical response (Supplementary Fig. S6D-
S6F). Assessing the sum of the HRK- and MS1-induced
cytochrome C release, as previously reported, did not
improve the prediction (Supplementary Fig. S6G; ref. 9).
BH3 profiling in LSC-like cells also did not correlate with
EFS in these patients (Supplementary Fig. S6H). When
total blasts were assessed, only VEN-induced cytochrome C
release predicted binary clinical response but showed only
a trend toward longer EFS (Supplementary Fig. S6I-S6M).
Importantly, the observed separation was weaker com-
pared with MAC-Score in this patient cohort. In summary,
MAC-Score is a robust alternative to BH3 profiling for
VEN response prediction.

Combined Analysis of MAC-Scores in LSC-like
Cells Identifies Drivers of VEN Resistance

To further assess the prognostic accuracy of MAC-Score,
we combined the MAC-Scores in LSC-like cells from all
three first-line-treated cohorts (cohorts 1-3), extending
the analysis to 59 patients treated first-line with 5-AZA/
VEN. As expected, MAC-Scores were significantly higher
in responders compared with nonresponders (Fig. 5A). We
assessed the prognostic accuracy of MAC-Score in the com-
bined cohorts with ROC analysis and observed a ROC value
of 0.95, revealing high accuracy to predict 5-AZA/VEN
treatment response in patients (Fig. 5B). The combined
EFS analysis of all 59 5-AZA/VEN first-line-treated patients
showed a 4-fold prolongation of EFS in patients with
above-median scores with an EFS of 3 versus 12 months
(Fig. 5C). As some patients with MAC-Scores less than 0.4
responded to 5-AZA/VEN, we next assessed whether MAC-
Scores within responders would discriminate with regard
to response duration. Indeed, responders with greater than
0.4 MAC-Scores had a longer EFS with 5-AZA/VEN treat-
ment compared with responders with MAC-Scores less than

<

Figure 4. Response to 5-AZA/VEN therapy in patients with AML can be predicted by MAC scoring in LSC-like cells. A, Schematic representation of the
experimental design for B-G. Mononuclear cells of AML patient samples treated first-line with 5-AZA/VEN from three independently processed cohorts
(cohort 1:n=17, cohort 2: n =18, and vohort 3: n = 24) were stained with surface antibodies, followed by intracellular staining of three BCL2 family pro-
teins. MAC-Score was calculated based on normalized BCL2 family protein expression levels in LSC-like, non-LSC, mature, and total blast cells. B, Expres-
sion of BCL2, MCL1, and BCL-xL in LSC-like cells of patients with AML from cohorts 1 and 2 combined and associated 5-AZA/VEN therapy outcome.
Protein expression is shown as MF| z-scores. C, MAC-Score in LSC-like cells of patients with AML from cohorts 1 and 2 combined and association to
5-AZA/VEN therapy outcome. D, Comparison of MAC-Score in LSC-like, non-LSC, mature, and total blast cells of patients with AML from cohorts 1 and

2 and association to 5-AZA/VEN therapy outcome. E, EFS of first-line 5-AZA/VEN AML patients from cohorts 1 and 2 combined with above and below
median MAC-Score, BCL2 expression, MCL1 expression, or BCL-xL expression in LSC-like cells. F, MAC-Score in LSC-like cells of patients with AML from
cohort 3 and associated 5-AZA/VEN therapy outcome. G, EFS of first-line 5-AZA/VEN AML patients from cohort 3 with above (>0.4) and below (<0.4)
median MAC-Score in LSC-like cells. H, Schematic representation of the experimental design for I-J. Mononuclear cells of patients with relapsed/refrac-
tory AML who received 5-AZA/VEN as a salvage therapy (cohort 4: n = 23) were stained with surface antibodies, followed by intracellular staining of
BCL2 family proteins. I, MAC-Score in LSC-like cells of patients with AML from cohort 4 and associated 5-AZA/VEN therapy outcome. J, EFS of salvage-
treated 5-AZA/VEN AML patients from cohort 4 with above (>0.4) and below (<0.4) median MAC-Score determined in LSC-like cells. Each dot represents
an AML patient sample with the line marking the mean unless specified otherwise. Mann-Whitney test was used to compare groups and log-rank test to
compare therapy durations of AML patients. R/R, relapsed/refractory to standard induction. Parts of the figure were created with BioRender.com.
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Figure 5. MAC-Score in LSC-like cells predicts response to 5-AZA/VEN with high accuracy. A, MAC-Score in LSC-like cells of patients with AML from
all first-line 5-AZA/VEN AML patients combined (cohorts 1-3) and association to 5-AZA/VEN therapy outcome. B, Receiver operating characteristic
(ROC) curve of MAC-Score and therapy outcomes of all first-line 5-AZA/VEN AML patients combined (cohorts 1-3). C, EFS of all first-line 5-AZA/VEN
AML patients combined (cohorts 1-3) with above and below median MAC-Score. D, EFS of all first-line 5-AZA/VEN AML patients who achieved complete
remission from combined cohorts (cohorts 1-3) with above (>0.4) and below (<0.4) median MAC-Score. E, Patient characteristics of first-line 5-AZA/
VEN cohorts with retrospectively assessed risk factors of refractoriness to therapy. Univariate logistic regression was performed for every parameter.
Multivariate logistic regression was performed on parameters with P < 0.15 in the univariate analysis. F, EFS from combined cohorts (cohorts 1-3) with
above (>0.4) and below (<0.4) median MAC-Score based in patients with complex karyotype, RUNX1, or NPM1 mutation. (continued on following page)

0.4, with a median EFS of 6 versus 12 months (Fig. 5D).
This shows that MAC-Score can be used to distinguish
patients with long-lasting response to 5-AZA/VEN.

Finally, to identify predictors of response to 5-AZA/VEN,
we performed logistic regression analysis on all 59 first-
line-treated patients (Supplementary Table S4) and included
MAC-Score as one of the assessed variables. Using univari-
ate analyses, MAC-Score and CK were identified as statisti-
cally significant parameters in this set of samples (Fig. SE).
We then performed multivariate analysis on all parameters

with P < 0.15 and observed that MAC-Score remained as
the sole predictor of response with an odds ratio of 5.1 per
0.1 points (Fig. SE). MAC-Score predicted EFS even within
genetic subgroups such as CK, RUNXI, or NPMI-mutated
patients, highlighting its potential role in patient stratifi-
cation beyond genetics (Fig. SF; Supplementary Fig. S7A).
Of note, MAC-Score showed no difference between patients
who did or did not respond to standard induction therapy,
highlighting its specificity to predict response to VEN-based
therapies (Fig. 5G).
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Figure 5. (Continued) G, MAC-Score in LSC-like cells from diagnostic AML patients receiving first-line standard induction chemotherapy and associa-
tion to therapy outcome. H, Schematic representation of the experimental design for I-J. MAC-Score was calculated based on normalized BCL2 family
protein expression levels in LSC-like cells from diagnostic AML patients independent of received therapy (n=95). I, MAC-Score of patients with AML
differentiated by the number of structural variants. J, MAC-Score of patients with AML with different recurrent AML mutations. K, Schematic model
outlining the MAC-Score concept for predicting clinical response to 5-AZA/VEN. Each dot represents an AML patient sample with the line marking the
mean unless specified otherwise. Mann-Whitney test was used to compare groups and the log-rank test to compare therapy durations of patients with

AML. Resp, responder. Parts of the figure were created with BioRender.com.

Taken together, MAC-Score predicts patients’ initial
response to 5-AZA/VEN with an accuracy superior to muta-
tional profiling and can identify patients with long response

durations.

MAC-Score Deconvolutes Response Heterogeneity
within Mutational Patterns

To gain insights into the genetic profiles of patients
with AML with different MAC-Scores, we correlated clini-
cal structural variant (SV) analysis and targeted mutational
profiling with MAC-Scores for 95 diagnostic AML patient
samples independent of the received treatment (Fig. SH;
Supplementary Fig. S7B; Supplementary Table SS5). We
observed that patients with low MAC-Scores harbored a
higher number of SVs compared with patients with high
MAC-Scores (Fig. SI). Moreover, patients with AML with
mutations in TET2 or JAK2 and CALR had exclusively low
MAC-Scores (Fig. 5J). This is in line with the observed asso-
ciation of prior MDS/MPN diagnosis with clinical refrac-
toriness to 5-AZA/VEN, although the sample size remains
small (Fig. 1C). In contrast, patients with high MAC-Scores
were enriched for IDH1/2, DNMT3A, and splicing muta-
tions (Fig. 5J), suggesting that specific genetic alterations

affect the differential dependency of LSC-like cells on BCL2
family proteins. Importantly, the heterogeneity of MAC-
Scores within complex karyotypic or IDHI/2-mutant AMLs
and the associated S5-AZA/VEN response highlights the
value of patient individualized assessment. Taken together,
MAC scoring in LSC-like cells aggregates the impact of the
correlatively associated mutational background and other
still-elusive nongenetic factors by providing causality-based
information that predicts patient response to 5-AZA/VEN
therapy (Fig. 5K).

DISCUSSION

Treatment with 5-AZA in combination with the BCL2
inhibitor VEN is a highly effective and reasonably well-
tolerated regimen that has transformed the standard of
care for unfit patients with AML. Due to its efficacy, VEN-
based therapies are now evaluated as treatment for adult
patients with AML eligible for intensive induction chemo-
therapy, highlighting the need to identify patients with
good and poor response to 5-AZA/VEN, respectively, for
tailored AML treatment. Here, we present the MAC-Score
that allows the prediction of response to 5-AZA/VEN. It is
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based on the combinatorial calculation of the individual
protein expression levels of BCL2, BCL-xL, and MCL1
specifically in disease-driving LSC-like cells. MAC scoring
predicts therapy response and duration of first-line as well
as salvage treatment with 5-AZA/VEN. MAC-Score-based
prediction of response would enable patient selection for
clinical trials that go beyond genetic or phenotypic risk
factors and enable a true personalized medicine approach
in AML (Fig. 5K).

Targeting the disease-driving LSC population is key to
eradicating AML, making correct identification of LSCs and
a deeper understanding of their biology of paramount impor-
tance (28-30). LSCs have been implicated with adverse out-
comes in AML, which entails both refractory and relapse
cases (14, 15). Initially, LSCs were treated as a therapy-
resilient population that upon completion of therapy would
reinitiate the disease, much like in murine transplantation
recipients of LSCs. In refractory disease, the focus has shifted
from studying classic stemness features to dissecting meta-
bolic rewiring and functional changes such as senescence and
dormancy in response to chemotherapy (31-34). Meanwhile,
the role of LSCs for initial response to different induction
therapies in patients remains elusive. Here, we identify spe-
cific ratios of BCL2 family proteins as a dominant mechanism
of a priori VEN resistance.

Importantly, they show a markedly improved prediction
when measured in LSC-like cells compared with more dif-
ferentiated cells and total blasts. Because clinical response
relies on features specifically present in these disease-driv-
ing cells, LSC-specific assessment is essential to decon-
volute resistant mechanisms or drug vulnerabilities, as
shown previously (4, 34). Assessment of LSC-like cells was
not part of otherwise powerful datasets such as BEAT-AML
or The Cancer Genome Atlas, which combine bulk-level,
unfractionated RNA-sequencing data with unfractionated
drug response data, both confounded by unknown size of
the typically highly variable presence of more differenti-
ated cells that blur the results (35, 36). Here, we show that
gating on immature GPRS6" blasts serves as a robust LSC
marker set for clinical stratification. Our findings extend
the observations, in which LSCs of Mono-AML defined
by ROS levels showed VEN resistance (10). In our cohort,
gating on the GPR56* LSC population revealed highly
variable LSC frequencies between 0.5% and 90% of AML
cells, whereas ROS-low-based default gating identifies cells
displaying the 15% to 20% lowest ROS within all AML
blasts, irrespective of the vastly differing actual size of the
LSC population in each patient. Samples with low LSC fre-
quencies are thereby likely contaminated by more mature,
MCL1-expressing cell types influencing results and compli-
cating the interpretation.

In AML, mutational profiles are commonly correlated
with clinical outcomes. However, responses to 5-AZA/VEN
treatment based on genetic alterations are distinct from
high-dose induction therapies and results are inconsistent
across different studies (1, 6, 7, 37). Indeed, 5-AZA/VEN
clinical trials and preclinical research reported that AML
patients with mutations in NPMI, IDHI1/2, and RUNXI
experience a high rate of durable responses (1, 6, 38). In
contrast, CK, activating mutations of FLT3 or RAS have

been associated with resistance to 5-AZA/VEN, but are never
dichotomous predictors of response, highlighting the need
for personalized response prediction (1, 6, 37). Interest-
ingly, we observed that the mutational background influ-
ences BCL2 family expression, explaining the association of
specific genomic features with 5-AZA/VEN response. Our
MAC-Score may be particularly useful for situations with
contradicting genetic predictors such as IDH mutations in
CK AMLs or NPM1 mutations in MPN-transformed AMLs
without clear risk classification.

Although the correlation between high BCL2 levels and
response to S-AZA/VEN treatment seems clear in theory,
we and others observed BCL2 levels alone to poorly predict
response to 5-AZA/VEN therapy in AML when unfraction-
ated bulk cells were assessed (5). Indeed, combinatorial
reliance on other BCL2 family members plays a pivotal role
in controlling the balance between survival and apoptosis
(3, 5,9, 39). Moreover, disease- and tissue-specific depend-
encies on these proteins have been proposed. For example,
primary myelofibrosis seems to be sensitive to cotargeting
of BCL2 and BCL-xL, whereas chronic lymphocytic leuke-
mia is highly dependent on BCL2 alone (40, 41). Selective
dependencies such as BCL-xL in the megakaryocytic lineage
or myocardial MCL1 dependency are key determinants of
drug toxicities and have to be considered in the design of
treatment regimens (42, 43). These dependencies are usu-
ally not absolute and can plastically change during disease
course (44). Our approach enables direct quantification of
BCL2 family protein ratios between AML subpopulations
and allows focusing on disease-driving LSC-like cells, which
outperformed the predictive power of ex vivo drug testing
or BH3 profiling. This critically distinguishes MAC scoring
(Fig. 5K) from previous attempts to predict the efficacy of
VEN-based treatment based on gene expression of BCL2
family ratios in unfractioned bulk samples or cell lines
(S, 45-47). Furthermore, responders with low MAC-Scores
are prone to early relapse, implying that treatment duration
is already determined at a pretreatment, naive stage and
arguing that clonal outgrowth is only one of many mecha-
nisms of 5-AZA/VEN resistance.

Turnaround time for RNA analysis, BH3 profiling, or
ex vivo culture assays spans from days to weeks and is
resource-intensive, especially when subpopulations such as
LSC-like cells are assessed. Most importantly, they also have
inferior predictive accuracy (44). In contrast, MAC scoring
by flow cytometry can easily be incorporated into clinical
routine diagnosis and monitoring of patients with AML
and can support clinical decision-making within several
hours after sampling. These attributes make MAC scor-
ing a simple, globally accessible, and affordable tool with
low turnover time that can support therapeutic decision-
making regarding S-AZA/VEN versus intensive induction
as first-line therapy for selected fit patients. Prospective
studies to further validate MAC scoring will provide more
insights into its applicability to guide therapy in first-line
and relapsed/refractory disease. Importantly, the MAC-
Score concept could be easily adapted to predict apoptotic
dependencies beyond BCL2 and beyond AML. Adapting
MAC-scoring strategies to other inhibitors of the BCL2 fam-
ily may identify patients particularly sensitive to inhibition
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of MCL1 or BCL-xL and thus extend biomarker-guided
personalized medicine.

METHODS
Primary AML Patient Samples and Clinical Data

AML samples were collected from diagnostic peripheral blood
(PB) or BM aspirations at the University Hospitals in Heidelberg
or Hannover in accordance with the Declaration of Helsinki and
based on institutional approvals after obtaining written informed
consent from each patient. The project was approved by the Ethics
Committee of the Medical Faculty of Heidelberg (S-169/2017 and
S-648/2021) and the local Ethics Review Committee of Hannover
Medical School (ethical vote No.7972_BO_K_2018). PBMCs were
isolated by density gradient centrifugation using Ficoll Paque Plus
(GE Healthcare, cat #GE17-1440-03), and stored in liquid nitrogen
until further use. Detailed patient and specimen characteristics are
listed in the Supplementary Tables and are based on the clinical diag-
nostic reports. An experienced hematologist categorized all patients
by retrospectively reviewing all pathology and flow cytometry reports
in accordance with ELN 2017 (7). Patients achieving CR, CRi, and
MLFS were defined as responders, and patients achieving only PR,
SD, or PD as nonresponders. For EFS calculations, time to proven
molecular, flow cytometry-based, or cytologic relapse from start of
therapy was calculated.

Processing of Primary AML Cells

Viable cryopreserved AML PB samples were thawed at 37°C in
Iscove’s Modified Dulbecco’s Medium (IMDM) containing 10% FBS
and treated with DNase I for 15 minutes (100 pg/mL).

Ex Vivo Drug Screening with Primary Leukemia Cells

Recovered cells were cultured using previously established pro-
tocols (14, 48) using IMDM, 15% BIT (bovine serum albumin, insu-
lin, transferrin; Stem Cell Technologies, cat #09500), 100 ng/mL
SCF (PeproTech, cat #300-07), 50 ng/mL FLT3L (PeproTech, cat
#300-19), 20 ng/mL IL3 (PeproTech, cat #200-03), 20 ng/mL G-CSF
(PeproTech, cat #300-23), 100 umol/L p-mercaptoethanol (Thermo
Fisher, cat #31350010), 500 nmol/L SR1 (StemRegenin 1, STEM-
CELL Technologies, cat #72342), 1 pmol/L UM729 (STEMCELL
Technologies, cat #72332), and 1% penicillin-streptomycin (Sigma,
cat #P4458-100ML). For drug assay in Fig. 1, 0.5 x 105 AML cells/
well were seeded in flat-bottom 96-well plates, and cells were
treated with increasing concentration of 5-AZA (0.5, 1.5, 4.5, 13.5,
and 40.5 pmol/L) and VEN (0.3, 0.9, 2.7, 8.1, 24.3, 72.9, 218.7,
656.1, and 1968.3 nmol/L) alone and in combination for 72
hours. After 72 hours, viability was assessed using CellTiter-Glo
(Promega, cat #G7571) Luminescent Cell Viability Assay. For drug
assay in Fig. 3, 0.5 x 10° AML cells/well were seeded in flat-bottom
96-well plates, and cells were treated with 1.5 pumol/L of 5-AZA and
100 nmol/L of VEN for 24 hours. After 24 hours, nonadherent cell
fraction was collected, and any adherent cells were trypsinized and
scraped off the well bottom using a pipette tip. Lastly, both frac-
tions were combined before the cells were stained with cell-surface
antibodies (see Supplementary Table S6). The same amount of
CountBright Absolute Counting Beads (Thermo Fisher Scientific,
cat #C36950) together with 7-AAD (BD Biosciences, cat #559925)
was added to each sample prior to analysis with BD LSRFortessa
Cell Analyzer.

Intracellular Staining for BCL2 Family Members

Thawed cells were stained with Zombie NIR Fixable Viability
stain in PBS (BioLegend, cat #423105), followed by staining with

cell-surface antibodies (see Supplementary Table S6). Stained cells
were fixed and permeabilized using the Fixation/Permeabilization
Solution Kit (BD Biosciences, cat #554714) according to the manu-
facturer’s instructions, followed by a secondary permeabilization step
for enhanced intracellular staining using Permeabilization Buffer
Plus (BD Biosciences, cat #561651). Fixed and permeabilized cells
were stained separately for anti-human-BCL2-PE (clone 124, Cell
Signaling Technology, cat #26295S), anti-human-MCL1-PE (clone
D2WOE, Cell Signaling Technology, cat #65617S), and anti-human-
BCL-xL-PE (clone 54H6, Cell Signaling Technology, cat #13835S),
or together for anti-human-BCL2-AF647 (clone 124, Cell Signaling
Technology, cat #82655), anti-human-MCL1-AF488 (clone D2W9E,
Cell Signaling Technology, cat #58326) and anti-human-BCL-xL-PE
(clone 54H6, Cell Signaling Technology, cat #13835S). Samples were
analyzed with BD LSRFortessa Cell Analyzer.

MAC-Score Calculation

To ensure consistent and comparable MFI measurements of
samples processed and analyzed on separate days, a reference AML
sample was processed and run along with each cohort. Detector
voltages were adjusted to keep MFI for each BCL2, MCLI1, and
BCL-xL of the LSC-like population in the reference sample con-
stant. Small fluctuations of reference sample MFIs were adjusted by
normalizing the measurement day’s reference sample to match pre-
vious reference sample measurements. For each sample, normalized
MFI for each BCL2, MCL1, and BCL-xL of the LSC-like population
were divided by the respective median MFI of patients with AML
classified as responders within the cohort to obtain relative MFI
values (rel. MFI). Afterward, MAC-Score was calculated using the
following formula:

re. MFI(BCL2)
rel MFI(MCL1)+ re.MFI (BCL—xL) |

[MAC-Score =

BH3 Profiling of Primary AML Samples

Thawed cells were stained with Zombie NIR Fixable Viability stain
in PBS (BioLegend, cat #423105), followed by staining with cell-
surface antibodies (see Supplementary Table S6). BH3 profiling was
performed as previously described (49). Cells were exposed to increas-
ing concentrations of synthetic BH3 peptides as well as BH mimetics
in MEB buffer (150 mmol/L mannitol, 10 mmol/L HEPES-KOH
pH 7.5, 50 mmol/L KCl, 0.02 mmol/L EGTA, 0.02 mmol/L EDTA,
0.1% BSA, and 5 mmol/L succinate) for 60 minutes and plasma
membrane permeabilized with digitonin (0.002%). After 60 minutes,
peptide/mimetic exposure at room temperature cells were fixed using
4% formaldehyde for 15 minutes, followed by neutralization for
10 minutes using N2 buffer (1.7M Tris, 1.25M glycine pH 9.1).
Sensitivity to BH3 peptides/mimetics was measured as cytochrome
C release using anti-cytochrome C FITC antibody (clone 6H2.B4,
BioLegend, cat #612302) via BD FACSymphony A3 Cell Analyzer.
DMSO was used as a negative control for cytochrome C retention,
whereas Alamethicin (ALM) was used as a positive control for 100%
cytochrome C release. Cytochrome C loss was calculated using the

MFImpe —MFIyu }
MFlpyso |
Cytochrome C release was assessed in each FACS-gated population.

following equation: |:Cytochrome Crelease=1—

To assess the variation of cytochrome C release as a function of BH3
peptide/mimetic concentration, area under the curve (AUC) for each
BH3 peptide/mimetic was calculated using Prism v.9.

Longitudinally Collected Primary AML Samples

From three newly diagnosed patients with AML (AMLS55, AML61,
and AML62), PB was drawn prior to treatment with 5-AZA/VEN (day
0), followed by blood draws during therapy (days 1-6). PBMCs were
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isolated as explained above. 0.2 x 10° cells were stained with cell-
surface antibodies (see Supplementary Table S6) and analyzed with
BD LSRFortessa Cell Analyzer.

Processing of AML Cell Lines

Twenty-four AML cell lines were cultivated at 37°C in a humidi-
fied incubator with 5% CO, following the German Collection of
Microorganisms and Cell Cultures (DSMZ) culture recommenda-
tions. Authenticated and Mycoplasma-screened cell lines were received
from DSMZ and Cell Services at Francis Crick Institute (courtesy of
Dr. Dominque Bonnet).

In Vitro Drug Screening in Leukemia Cell Lines

0.1 x 10° cells/well from each cell line were seeded in flat-bottom
96-well plates, and cells were treated with increasing concentrations
of VEN (1, 3, 9, 27, 81, 243, 729, and 2187 nmol/L) in combination
with a single dose of 5-AZA (1.5 umol/L) for 72 hours. After 72 hours,
viability was assessed using CellTiter-Glo (Promega, cat #G7571)
Luminescent Cell Viability Assay.

FACS

Primary AML cells were stained with cell-surface antibodies (see Sup-
plementary Table S6). Cells were sorted into four populations according
to CD11b, CD64, and GPRS6 expression within the lineage-negative
gate. Cells from each population and lineage-negative bulk were sorted
directly into RNA extraction buffer (Thermo Fisher, cat #KIT0214),
snap-frozen, and stored at —80°C until RNA extraction. For xenotrans-
plantations, cells from each population were sorted into PBS.

Mouse Experiments

NOD.Prkdcd.1i2rg™ " (NSG) mice were bred and housed under
specific pathogen-free conditions at the central animal facility of the
German Cancer Research Center (DKFZ). Animal experiments were
conducted in compliance with all relevant ethical regulations. All ani-
mal experiments were approved and performed in accordance with all
regulatory guidelines of the official committee at the Regierungspra-
sidium Karlsruhe (G-140-21 and G42/18).

Xenotransplantations and Analysis of
Leukemic Engraftment

Female mice 8 to 12 weeks of age were sublethally irradiated (175
cGy) 24 hours before xenotransplantation assays. Up to 1 x 10°
cells from FACS-sorted primary AML samples (see above) were
injected into the femoral BM cavity of sublethally irradiated mice.
Mice were monitored daily and at the endpoint, when mice reached
defined termination criteria, BM cells were harvested from tibiae,
femurs, and iliac crests by bone crushing. Spleen cells were har-
vested by mincing the spleen with a plunger. Following red blood
cell lysis, cells were resuspended in FBS + 10% DMSO (Sigma, cat
#D2650-100) and stored in liquid nitrogen until further use. Human
leukemic engraftment in mouse BM was evaluated by flow cytom-
etry (maximum 45 weeks unless endpoint criteria were reached
earlier) using anti-human-CD45-FITC (clone HI30), anti-human-
CD34-BUV39S (clone 581), anti-human-GPRS6-PE (clone CG4),
anti-human-CD19-FITC (clone HIB19), anti-human-CD33-PE-Cy7
(clone WMS53), CD64-APC, CD11b-BV711, and anti-mouse-CD45-
Alexa700 (clone 30-F11).

RNA-Sequencing AML Populations

RNA extraction and purification of FACS-sorted cells were done
using the PicoPure RNA Isolation Kit according to the manufacturer’s
instructions (Thermo Fisher, cat #KIT0214). RNA quality assessment

and quantification were performed with Bioanalyzer using Agilent
RNA 6000 Pico Kit (Agilent, cat #5067-1513). Whole-transcriptome
amplification was performed using a modified smart-seq2 protocol
(50), with 5 pL of a modified RT buffer containing 1 x SMART First
Strand Buffer (Takara Bio Clontech, cat #639538), 1 mmol/L dithi-
othreitol (Takara Bio Clontech), 1 umol/L template switching oligo
(IDT), 10 U/uL SMARTScribe (Takara Bio Clontech, cat #639538),
and 1 U/puL RNasin Plus RNase Inhibitor (Promega, cat #N2615).
Tagmentation of cDNA was done using Nextera XT DNA Library
Preparation Kit (Illumina, cat #FC-121-1030). All RNA libraries were
pooled and sequenced together on an Illumina NextSeq 550 high-
output sequencer (1.4 pmol/L with 1% PhiX loading concentration,
single-end 75 bp read configuration).

Raw Data Processing and Quality Control
of RNA-Sequencing Data

Reads were demultiplexed, and STAR aligner v. 2.5.3a was used
to align FASTQ files containing reads for individual samples by
two-pass alignment (51). Reads were aligned to a STAR index gen-
erated from the 1000 Genomes Project human genomes assembly
(hs37d5), using GENCODE v.19 gene models. Default alignment
call parameters were used with the following modifications: -out-
SAMtype BAM Unsorted SortedByCoordinate -limitBAMsortRAM
100000000000 -outBAMsortingThreadN = 1 -outSAMstrandField
intronMotif-outSAMunmapped Within KeepPairs -outFilterMultimap
Nmax 1 -outFilterMismatchNmax S -outFilterMismatchNoverLmax
0.3 -chimSegmentMin 15 —chimScoreMin 1 -chimScoreJunctionNon-
GTAG 0 —chimJunctionOverhangMin 15 -chimSegmentReadGapMax
3 -alignSJstitchMismatchNmax S -1 5§ S -alignlntronMax 1100000
-alignMatesGapMax 1100000 -alignSJDBoverhangMin 3 -alignIntron
Min 20.

Sambamba v.0.6.5 was used for the alignment file sorting, dupli-
cate marking, and BAM index generation using eight threads (52).
Quality control analysis was performed using the sambamba flagstat
command and rnaseqc v.1.1.8 with the hs37d5 assembly and
GENCODE v.19 gene models. Depth of coverage analysis for rnaseqc
was turned off. Gene-specific gene counting over exon features
based on GENCODE v.19 gene models was performed using fea-
tureCounts v.1.5.1 (53). Quality threshold was set to 255, which
indicates that STAR found a unique alignment. Strand-unspecific
counting was used.

DESeq2 (54) was used for statistical analysis of the read counts
to identify differentially expressed genes between the LSC-like and
mature populations in Prim-AMLs and Mono-AMLs. Genes with an
FDR-corrected P value < 0.05 and at least a 2-fold change in expres-
sion (|log,FC| > 1) were considered as differentially expressed. Gene-
expression estimates for PCA visualization were adjusted by variance
stabilization. Gene set enrichment analysis for Hallmark gene sets
between LSC-like and mature cells was performed based on a log
fold change order-ranked gene list. LSC17 scores were calculated for
each AML sample as the mean expression of the normalized log,-
transformed gene counts of the 17 LSC signature genes from Ng and
colleagues (15) as follows:

DNMT3B + ZBTB46 + NYNRIN + ARHGAP22
+LAPTM4B + MMRN1 + DPYSL3 + KIAA0125
+CDKG6 + CPXM1 + SOCS2 + SMIM24 + EMP1
+NGFRAP1 + CD34 + AKR1C3 + GPR56

LSC17 score = i X
17

Quantification and Statistical Analysis

Overview of all assays performed in which patient sample is shown
in Supplementary Table S7. Flow cytometry data analysis was done
using FlowJo v.10.5.3. TSNE plots for BCL2 family members (Fig. 2P
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and Q), and 5-AZA/VEN sensitivities (Fig. 3I and J) were done using
the FlowJo TSne plugin v.2.0.0. All statistical analyses excluding
RNA-sequencing data were done using Prism v.9.

Data Availability

RNA-sequencing data from this study have been deposited in the
ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayexpress)
and can be retrieved under the accession number E-MTAB-11976.
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