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Summary

Targeted=therapy directed against rare disease-propagating leukaemic stem cells
(LSCs) isf a promising prospect for improving the outcome of acute myeloid
leukaemia (AML) patients. Thus, distinguishing LSCs from normal haematopoietic
stem andyprogenitor cells (HSPCs) is essential. The CLEC12A receptor has been
proposed as a,specific marker of LSCs, and consequently as an appealing treatment
target. To'explore the role of CLEC12A in further detail, we investigated whether a
sorting strategy,based on the activity of aldehyde dehydrogenase and CLEC12A
expression could separate residual normal HSPCs from LSCs in bone marrow from
5 AML patients. We demonstrate that this distinction was possible in 2/5 cases,
however with evidence of pre-leukaemic mutations in the CLEC12A- stem cells in
one case..In contrast, cytogenetic and/or molecular aberrations were detected in
both the CLEG12A+/- cell subsets in 3/5 AML cases studied. Furthermore, targeted
next generation;sequencing (NGS) of the sorted cell subsets revealed a pronounced
clonal heterogeneity in the CLEC12A- cells suggestive of the leukaemia often
originating insthis immature cell subset. In conclusion, we provide proof-of-concept
that precision diagnostics employing targeted cytogenetic/NGS-based analyses on
highly purified cell subsets could be a powerful tool for selecting patients eligible for
LSC-directed therapy.
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Introduction

There is an‘unmet need to improve the outcome of acute myeloid leukaemia (AML)
patients, and novel targeted treatment strategies directed against e.g. cell surface
proteins, recurrent mutations and signalling pathways, are rapidly being developed
and tested in clinical trials (Wei & Tiong, 2017). However, given the extreme
biological heterogeneity seen in AML, a prerequisite for such treatments to become
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successful will, to a large extent, depend on the selection of the right patients for the

relevant combination of targeted therapy.

In AML, the neoplastic cells are believed to be hierarchically organised, with rare
disease-propagating leukaemic stem cells (LSCs) residing at the apex, and evidence
of the existence and clinical relevance of such LSCs has been subject to an
extensive “amount of research over the past two decades (Bonnet, 2005;
Yanagisawa et al, 2016; Thomas & Majeti, 2017). Current literature suggests these
particular cells,to possess stem cell properties in terms of quiescence, self-renewal
capacity and an increased resistance to chemotherapy (Griessinger et a/, 2014), and
LSCs are thought to be responsible for relapse in the vast majority of AML patients
(Bonnet, 2005). It is noteworthy that, while the identification of recurrently mutated
genes in AML has expanded our view of AML pathophysiology (Cancer Genome
Atlas Research Network ef a/, 2013), studies integrating knowledge of the mutational
architecture with the hierarchical cancer stem cell model are sparse (Chesnais et a/,
2017; Klco.et.al 2014). Thus, LSCs are attractive targets in the development of new
treatment ‘modalities in AML (Bruserud et a/, 2017), and a precise and in-depth
characterization of these cells, including an understanding of how they differ from
their normal counterparts, is essential.

In this regard, the C-type lectin domain family 12, member A (CLEC12A) receptor, a
relevant marker of leukaemic blasts (Larsen ef a/, 2012; Roug et a/, 2014), has been
proposed as a specific marker of LSCs in AML (van Rhenen ef a/, 2007a; Terwijn et
al, 2014), as_the CLEC12A protein is not expressed on normal CD34+CD38- cells,
but aberrant expression on this subset of cells has been demonstrated in AML (van
Rhenen et a/.2007a; 2007b). In addition, we have recently shown the relevance of
the marker=in® myelodysplastic syndrome (MDS) and pointed out important
differences=insthe applicability of the marker in these biologically different disease
entities (Toft-Petersen ef a/, 2016). Given this, the CLEC12A receptor is an attractive
treatment target in AML, and current developments in this regard include both
CLEC12A-CD3 bispecific antibodies (Leong ef al, 2017; Lu et al, 2014) and chimeric
antigen receptor (CAR)-engineered T-cells (CAR-T-cells) directed against CLEC12A
(Laborda et a/, 2017; Tashiro et al, 2017; Wang et a/, 2018) and, most recently, the
development of a novel antibody-drug conjugate (Jiang et a/, 2018).
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High activity of the cytosolic enzyme aldehyde dehydrogenase (ALDH) has been
associated with normal haematopoietic stem and progenitor cells (HSPCs) (Storms
et al, 1999; Pearce et al, 2005; Hess et al, 2004; Gentry et al, 2007) as well as
cancer 'stem=cells (CSCs) in both solid tumours (Ajani et al, 2015) and
haematological malignancies (Hoang et a/, 2013; Gerber et a/, 2012; 2011; Wu et al,
2013). Moreover, a high level of ALDH activity has been proposed as a tool for
separatingi LSCs from normal HSPCs (Hoang ef a/, 2015; Schuurhuis et a/, 2013).
Specifically,, most cases of AML have a very small fraction of cells with high levels of
ALDH activity; these are termed ALDH bright cells (ALDHbr), and have been shown
to represent residual normal HSPCs, while the leukaemic blasts and LSCs display a
lower ALDH activity (Gerber et al, 2012; Schuurhuis ef a/, 2013). However, , a larger
fraction of ALDH™ cells is evident in up to 20% of AML samples; in these cases, the
separation of LSCs and non-malignant HSPCs has not been possible (Hoang et &/,
2015).

While early, studies of LSCs focused on the immature CD34+CD38- population
(Lapidot ef a/,1994; Bonnet & Dick, 1997), cells with functional LSC properties can
also reside insthe CD34+CD38+ cell subset (Taussig ef a/, 2008; Sarry et al, 2011;
Goardon ef al, 2011) and even in the CD34- compartment (Quek ef a/, 2016; Taussig
et al, 2010). Moreover, gating of the CD38- stem cell compartment can be
challenging, especially in diagnostic AML samples where the blast population often
presents as a continuum of CD34+CD38+/- cells.

In this study, based on the above mentioned current knowledge of LSC
immunophenotypes and previous studies proposing CLEC12A to be a highly specific
marker of l£8Cs'in AML (van Rhenen et al, 2007a; 2007b; Terwijn ef al, 2014), we
employed=AkLDH activity as a marker of immaturity and investigated whether a
sorting strategy based on ALDH activity and (the lack of) CLEC12A expression
without pre-selecting the CD34+CD38- cells could identify residual normal HSPCs in
bone marrow (BM) from five AML patients. Specifically, we hypothesised that cells
with the ALDH®CD34+CLEC12A- immunophenotype represent residual normal
HSPCs and cells with the ALDH®CLEC12A+ (CD34+/-) immunophenotype to
represent AML LSCs. We evaluated the purified cell populations in a long-term
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colony-initiating cell assay (LTC-IC) and by performing cytogenetic, molecular and
targeted next generation sequencing (NGS) analyses on both the sorted cell subsets
and the LTC-IC derived colonies. Our data revealed a hitherto unrealised
heterogeneity in the applicability of CLEC12A as an LSC marker in AML and strongly
indicate the*need for thorough and precise diagnostics on biologically relevant cell
subsets in‘order to better select patients suitable for CLEC12A targeted therapy.

Methods

Patient samples

Cryopreserved BM samples from five AML patients and one chronic myeloid
leukaemia (CML) patient with myeloid blast crisis (served as a positive control) were
obtained as excess material taken as part of the diagnostic process at the
Department_of Haematology, Aarhus University Hospital. The AML patients were
selected to, represent various subtypes of AML and, in addition, the selection was
based on the.presence of known cytogenetic and/or molecular aberrancies obtained
by routine"karyotyping and screening for mutations in NPM7, FLT73-internal tandem
duplication (ITD), FL73 D835, WTT exon 7, KIT and CEBPA. Normal BM samples
(NBM, n=2) _from healthy volunteers served as controls and were obtained in the
setting of BM harvest for allogeneic BM transplantation. The study was conducted in
accordance with the Declaration of Helsinki and was approved by the local ethics
committee. Mononuclear cells (MNCs) were obtained by Lymphoprep (Axis-Shield
plc., Dundee, Scotland) separation according to the manufacturer’s instructions,
cryopreserved_in 10% dimethylsulfoxide, and stored in liquid nitrogen. Patient
characteristics are given in Table I.

The Aldefloor™ Assay and surface staining

Cryopreserved“MNCs were thawed in a 37°C water bath and resuspended in
RoboSep Buffer (StemCell Technologies, Vancouver, BC, Canada) with 15% heat-
inactivated fetal calf serum (Biochrom, GmbH, Berlin, Germany). Next, cells were
stained with 2.5 pl pre-titrated Aldefluor™ reagent in Aldefluor™ Buffer (StemCell
Technologies) and incubated at 37°C for 45 min. Subsequently, cells were washed
and resuspended in cold Aldefluor™ Buffer, kept on ice, and stained for 45 min with
the monoclonal antibodies listed in Table Sl.
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Fluorescence activated cell sorting

Fluorescence activated cell sorting was performed on a BD FACSAria™ Il (BD
Biosciences, San Jose, CA, USA). Compensation was set using unstained and
Aldefluor®™ssingle stained cells combined with UltraComp eBeads (eBioscience, San
Diego, CA;, USA) together with the relevant fluorochrome conjugated antibodies. In
the gating‘strategy used (Fig 1 and S1), live cells were identified in a forward scatter
(FSC)/side: scatter (SSC) plot after which doublet exclusion was done on both FSC
and SSC height vs. area plots. As monocytes display a relatively high level of ALDH
activity (Storms et a/, 1999), we selected CD14 negative cells and defined the
ALDH®" cell stibset (Aldefluor bright and SSC low) on this cell population. The lower
limit of the ALDH®" cells was set, taking the contour of the ALDH " cells into account.
Next, in the ALDH™ cells, the ALDH"CLEC12A+ and ALDH”CD34+CLEC12A- gates
were defined. The CLEC12A+/- gates were set by use of internal negative controls
(lymphocytes), and CLEC12A+ cells were not separated further based on
fluorescencemintensity. For cultures, two cell subsets were sorted, namely
ALDHP'CLEC12A+ and ALDH”CD34+CLEC12A-. The equivalent subsets from two
NBM samples were sorted as controls. For patients with a cytogenetic aberration,
additional cells"from each subset were sorted directly onto poly-L-lysine coated
slides (Thermo Fischer Scientific Inc., Waltham, MA, USA), and for patients with a
given molecular aberration, cells from each subset were sorted into phosphate-
buffered saline (PBS) (Thermo Fischer Scientific Inc) and stored at -80°C for later
molecularigenetic analyses. Due to the rarity of the cell populations, the purity of the
sorted subsets was determined in 9 out of 18 total subsets (Table Sll). For the
ALDH”CLEC12A+ subset, purity was on average 90.3% (n=5). For the
ALDHP"'CD34+CLEC12A- subset, purity averaged 96.5% (n=4). Data was analysed
using FlowdoData Analysis Software, version X (BD Biosciences).

Long-termse@lony initiating cell assay

The LTC-IC assay was performed as described previously (Toft-Petersen et al,
2016). In brief, sorted subsets were seeded in 96-well collagen-coated plates and
cultured on irradiated M2-10B4 stromal feeder cells (ATCC, Manassas, Virginia,
USA) with weekly half-change of medium. After 6 weeks of co-culture, cells were
harvested and transferred to MethoCult H4435 (StemCell Technologies) for an
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additional 2 weeks. Colony-forming cells (CFCs) were counted and scored for
erythroid and myeloid morphology, respectively. Individual CFCs from each subset of
the originally seeded cells were picked and either cyto-spinned onto poly-L-lysine
coated slides (Thermo Fischer Scientific Inc.) for subsequent fluorescence /in situ
hybridization=(FISH) analyses or resuspended in PBS and stored at -80°C for

molecular/genetic analyses.

Interphase FISH

Fluorescence Jn situ hybridization (FISH) analyses were performed as previously
described" (Toft-Petersen ef al, 2016). The following locus-specific directly
fluorescent-labelled probe sets were used according to the manufacturer’s
instructions: 1(8;21)(922;022)/ RUNX71-RUNX1TT dual fusion, 11923/ KMT2A (MLL)
break apart, 18q921/BCL2 break apart, 7q11.23(ELN)/7q31(D7S486,D7S522),
1(9;22)(934;911)/BCR-ABLT dual fusion (all from Abbott Molecular, Des Plaines,
lllinois, USA). To estimate the number of FISH-positive cells on cyto-spun slides of
individually.piekéd colonies and on cells sorted directly onto slides, a median of 100
interphase nuclei was evaluated (range 5-101) by two independent observers.

Molecular analyses

Genomic DNA was extracted from diagnostic BM MNCs using the Maxwell® 16
Blood DNA Purification Kit on the Maxwell® 16 Instrument (Promega, Madison, WI,
USA) or, for sorted cell subsets, by use of the QIAamp DNA Blood Mini Kit (Qiagen,
Hilden, Germany), both according to the manufacturer’s instructions. For individually
picked colonies and when < 1031 cells were available from the sorted subsets,
whole genome amplification (WGA) was performed prior to downstream molecular
analysis using.the REPLI-g Single Cell Kit (Qiagen) according to the manufacturer’s
instructions=Mutations in NPM1, FLT3, ASXL1, TET2, WTT, IDHT and ZRSRZ2 were
investigated=by‘polymerase chain reaction (PCR) with subsequent fragment length
analyses (MPM1, FLT3, ASXL1, TET2, WTT) or Sanger sequencing (/DH1, ZRSR2).
Polymerase“chain reaction was run on a C1000 Touch™ Thermal Cycler (Bio-Rad,
Hercules, CA, USA) for 15 min at 95°C followed by 35 cycles of 30 s at 95°C, 1 min
at 58°C, and 1 min at 72°C followed by an elongation step for 60 min at 60°C (for
fragment length analysis) or 10 min at 72°C (for Sanger sequencing). Sanger
sequencing was performed using the BigDye Terminator v1.1 Cycle Sequencing Kit
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(Thermo Fischer Scientific Inc.). Fragment length analysis and Sanger sequencing
were run on a 3500 Genetic Analyzer (Thermo Fischer Scientific Inc.). All primer
sequences are listed in Table SlII.

Targeted'nextgeneration sequencing

Targeted (next generation sequencing (NGS) was performed with the Myeloid
Tumour Solution 30 gene panel (SOPHIA Genetics, Saint Sulpice, Switzerland)
performedy according to manufacturer’s instructions and analysed in the SOPHIA
DDM® analysis software (SOPHIA Genetics). As the WGA reaction can introduce
errors (Gawad._éer a/, 2016), the quality of the NGS results obtained from samples that
underwentWGA was assessed by calculating the standard deviation (SD) of variant
allele frequencies (VAFs) of heterozygous single nucleotide polymorphisms (SNPs)
(depth > 2500 reads and 10% < VAF < 90%) in the sequenced regions of the 30
investigated genes identified in the unfractionated BM sample (not exposed to WGA
prior to targeted NGS) and the sorted samples (exposed to WGA) (Fig S2, Table
S1V). Referenece’'sequences for mutations identified are given in Table SV.

Results

Immunophenetypic characteristics

For the AML patients, CLEC12A was expressed on 59 — 89% of the leukaemic blasts
with the highest level of expression on the two CD34- AML cases (AML 4 and 5)
(Table I). While the CD34+CD38- cell subsets were devoid of CLEC12A expression
in the CD34- cases, the opposite was the case in the CD34+ cases of AML (Table I).
The immunophenotypic characteristics of the six patient samples with respect to
ALDH activity, CD34 and CLEC12A expression are depicted in Fig 1. Of note, the
percentagé..of ALDH" cells varied between AML samples (range 0.1 - 5.0% of
CD14- cellsy=Thus, AML 1, 4 and 5 displayed low percentages of ALDH™ cells
(range 0.1==:0:9% of CD14- cells), while AML 2 and 3 displayed larger fractions of
ALDH" celis’(range 3.4 — 5.0% of CD14- cells). This finding is in concordance with
previous studies of ALDH activity in AML (Hoang et a/, 2015; Cheung et a/, 2007). In
line with previous findings (Gerber ef a/, 2011), the CML blast crisis patient (CML 1)
had a very large percentage of ALDH™ cells (41.1% of CD14- cells). By back-gating
of the ALDH”CD34+CLEC12A- cell subset into a CD34 vs. CD38 plot for all samples
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including NBM, we verified that these cells had the immunophenotypic profile of early
HSPCs with dim to no expression of CD38 (Fig 1, last column and Fig S1).

In AML, cells with LTC-IC activity are present in the ALDH”CD34+CLEC12A- cell
subset

In order fo evaluate the stem cell properties of the ALDHYCLEC12A+ and
ALDHY"CD34%¥CLEC12A- cell populations in AML, we studied the highly purified cell
subsets ingthe LTC-IC assay. As CML is known to originate in the haematopoietic
stem cell compartment (Barnes & Melo, 2006), and BM from CML patients is known
to have high Jdevels of ALDH activity (Gerber et a/ 2011), we also sorted
ALDH”"'CD844#CLEC12A- and ALDH”CLEC12A+ BM cells from a CML blast crisis
patient as a positive control. Furthermore, equivalent cell subsets from NBM cultured

simultaneously served as a quality control of the assay itself.

In the case of NBM, no CFCs were evident after 8 weeks of culture in the LTC-IC
assay when-ALDH®'CLEC12A+ cells were originally seeded (Fig 2). This suggests
that normal, ALDH>CLEC12A+ cells do not possess functional stem cell properties
and most probably represent normal short-lived committed myeloid progenitors (Bill
et al, 2018)..For the AML samples, the ALDH®’CLEC12A+ cells did not produce
CFCs in'the LTC-IC assay with the exception of AML 1 that gave rise to CFCs that
were negative for t(8;21) when evaluated by FISH (Fig 2, Table Il). This growth of
aberration-negative CFCs from ALDH”CLEC12A+ cells in AML 1 was unexpected,
and we cannot formally exclude that the growth of CFCs in this case could be due to
impurities of the sorting procedure. Unfortunately, we were not able to assess the
purity of the sorted subset in this particular case due to very limited material, but, in
general, the avérage sorting purity of the ALDH*CLEC12A+ cell subset was lower
for the AEDHXED34+CLEC12A- cell subset (Table SlI). In contrast to NBM and
AML, the ALDHPCLEC12A+ cells from CML 1 produced a large number of CFCs
(Fig 2), which were BCR-ABL 1+ (Table ll), indicating the self-renewal potential, and
thereby the LSC properties, of these cells.

When evaluating the ALDH*CD34+CLEC12A- cell population in the LTC-IC assay,
CFCs were produced in both NBM and in all cases of AML (Fig 2). However, when
the individually picked CFCs from the 5 AML cases were investigated with

This article is protected by copyright. All rights reserved



subsequent FISH or molecular analyses these were always negative for the known
cytogenetic or molecular aberrancy (Table Il). In the case of CML 1, the number of
CFCs produced was so high that the discs were uncountable (Fig 2), and all
harboured the BCR-ABL 1 aberration (Table II).

The data from the LTC-IC assay thus suggested that residual normal haematopoietic
stem cells™ with self-renewal capacity were present among the
ALDHP"'CD34+CLEC12A- cells in AML BM. However, as the leukaemic AML cells
failed to produce CFCs in the LTC-IC setup, we did not obtain functional evidence of
their possible LSC nature in either of the two CLEC12A+/- cell subsets. This lack of
leukaemicsgrowth in the LTC-IC assay is in line with previous reports (Hoang et a/,
2015).

In AML, the ALDH” CD34+CLEC12A- cell subset is heterogeneous

Given the fact that the growth of AML stem cells is not always supported in the LTC-
IC assay or.even in xenograft models (van Gosliga et a/, 2007; Ailles et al/, 1999), we
next investigated whether the findings from the LTC-IC assay were due to a biased
selection of normal HSPCs in the culturing assay. Thus, the sorted uncultured cells
from the ALDH*CLEC12A+ and ALDH”CD34+CLEC12A- subpopulations were
analysed by FISH or molecular methods (Table Il). Interestingly, in the case of AML
1 and 5, we were able to confirm the findings from the LTC-IC results, as the sorted
ALDHP"'CD34+CLEC12A- cells were devoid of the known aberrations characterising
the neoplastic cells, while the ALDH>CLEC12A+ cells turned out to be either positive
or partially _positive. In contrast, in AML 2, 3 and 4, both the sorted
ALDH®CD84+CLEC12A- cells and the ALDHCLEC12A+ cells were positive for the
known malignant aberrancy (Table Il). However, in AML 3 and 4, the approximate
percentages=of* mutated alleles were lower in the ALDH®CD34+CLEC12A- cell
subset thansinsthe ALDHCLEC12A+ cell subset (Table Il). Interestingly, irrespective
of whethersthe ALDH>CD34+CLEC12A- were finally found harbour malignant cells
or not, this¥seemed to be independent of whether the AML blasts and/or the
CD34+CD38- cells were CLEC12A positive (Table I). As expected, in the CML
patient, both the sorted ALDH®CD34+CLEC12A- and the ALDH CLEC12A+ cells
were BCR-ABL 1+.
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Collectively, the analyses of the sorted cell populations for the a priori known
aberrancies indicate that ALDH activity and the lack of CLEC12A expression can be
useful in defining residual normal HSPCs in selected cases of AML. However, in
other cases, this approach is not feasible.

Targeted [ NGS indicates a  hierarchical  relationship  between  the
ALDH CD34%CLEC12A- and ALDHCLEC12A+ subsets and shows that LTC-IC
derived CECs harbour pre-leukaemic mutations

Given that,, on_average, AML patients harbour ~5 recurrent mutations (Cancer
Genome Atlas Research Network ef a/, 2013), we next sought to perform a more
exhaustiveranalysis of the two sorted subsets by performing targeted NGS of 30
genes known to be recurrently mutated in myeloid malignancies. In the case of AML
3, 4 and 5, material was available from the diagnostic BM sample together with the
sorted ALDH*'CD34+CLEC12A- and ALDH”CLEC12A+ cell subsets; NGS revealed
additional ‘mutations in all three cases (Table Ill). Thus, in addition to the FL73-ITD
and NPMi.mutations in AML 4, a W77 mutation, known to be an AML driver
mutation (Lindsley et a/, 2015), was identified. In AML 3 and 5, mutations often
associated with pre-leukaemia and/or antecedent MDS were detected in addition to
other recurrent"”AML driver mutations (Lindsley ef a/, 2015). While this finding was
expected in the case of AML 5, who clinically presented with secondary AML
(sAML), AML 3 presented clinically as a de novo AML (Table I). Overall, the
mutations detected in the diagnostic BM sample could also be found in the sorted
subsets, apart 'from the NPM7 mutation in AML 5, which, as expected, was
undetectable in the ALDH>CD34+CLEC12A- cell subset. Interestingly, in all three
cases, the VAF of mutations in the ALDH"CLEC12A+ cell subsets were between 45-
49% indicating/that the vast majority of these cells harbour the heterozygous
mutations/“except for AML 5, where the NPM7 mutation had a VAF of 26% in the
ALDH"CLEG#2A+ cell subset. This was in line with the findings by fragment length
analysis (Table 11) and indicative of the ALDH”CLEC12A+ cells being only partially
NPM7-mutated.. In contrast, the VAFs of the different mutations in the
ALDH®CD34+CLEC12A- varied (Table 11l).

The finding of pre-leukaemic mutations in AML 3, 4 and 5 prompted us to investigate
whether the LTC-IC derived colonies could be positive for these aberrations as well.
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Indeed, 5/13 colonies were ASXL 7-mutated in AML 3 and in AML 5, all of the LTC-IC
derived CFCs (6/6) were TET2 c.1767delT, TET2 c.1932delA and ZRSA2 mutation
positive. In line with the notion of W77 mutations being late events in
leukaemogenesis (Krauth ef a/, 2015), the CFCs of AML 4 were negative for this
mutation==Of'note, despite a VAF of ~44% for the ASXL7 mutation in AML 3, not all
colonies derived from the ALDH>CD34+CLEC12A- subset were pre-leukaemic in
nature, indicating the co-existence of residual normal HSPCs with pre-leukaemic and
possibly LSCs in the BM.

Furthermote, targeted NGS on the sorted ALDH”CD34+CLEC12A- and
ALDHYCLECA2A+ cell subsets revealed marked differences between the two cell
subsets. Whilethe ALDH”CLEC12A+ cells predominantly resembled the diagnostic
BM sample, the ALDHP'CD34+CLEC12A- cells showed a much greater variation in
VAFs of the detected mutations. As exemplified in AML 3, this variation in VAFs may
uncover the clonal heterogeneity and hierarchical leukaemic evolution of the different
subclones (Fig-3). In addition, the finding of pre-leukaemic mutations in some of the
LTC-IC derived colonies supports previous reports of pronounced functional
heterogeneity of genetically different subclones (Chesnais et a/, 2017; Klco et al,
2014).

Discussion

In the upcoming era of precision medicine, it is of great importance to know the
characteristics of the target cells, yet knowing the details of cell subsets not
expressing_the target is of equal importance. Firstly, it is necessary to understand
which normal cells are spared by such treatment, and not least to determine whether
all of the relevant neoplastic cells are indeed targeted as intended. As such, our
results should e seen in the context of the increasing need for improved treatment
modalitiessin=ANML. The CLEC12A receptor holds great promise as a future treatment
target and.the first clinical trial with a CD3-CLEC12A bispecific antibody in AML has
been initiatedwin Europe (EudraCT number 2015-003704-23). In the present study
we therefore explored CLEC12A in further detail in the setting of AML by
investigating whether a sorting strategy based on ALDH activity and CLEC12A
expression could be useful in distinguishing LSCs from residual normal HSPCs. We
demonstrate that this distinction is, indeed, possible in some AML cases, supporting
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the current paradigm of CLEC12A as a robust marker of LSCs. However, in 3/5 AML
cases, the ALDH®CD34+CLEC12A- cells also harboured the cytogenetic and/or
molecular aberrations characterising the malignant cells, and in such cases
CLEC12A targeted treatment would probably not be sufficient to eradicate the

neoplasm.

Our data should be seen in continuation of a previous study that combined ALDH
activity with aberrantly expressed LSC markers, including CLEC12A (Schuurhuis et
al. 2013). While these authors showed that residual normal HSPCs were ALDH and
LSC-marker_negative, their experimentation was devoted to patients with known
FLT3-ITD or INPMT mutation (Schuurhuis ef a/, 2013). Similarly, the earliest studies
of CLEC12A as a marker of LSCs were also conducted on AML samples with
primarily FL73-ITD or NPM71 mutations (van Rhenen ef a/, 2007a; 2007b; Moshaver
et al, 2008). These aberrations are, in most cases, known to be late events in
leukaemogenesis, often occurring in committed myeloid progenitors (Shlush et al,
2014; Corces=-Zimmerman et al, 2014). We have recently demonstrated CLEC12A
expressionyon,both common myeloid- and granulocyte-macrophage progenitors (Bill
et al, 2018), and thus in the case of AML 5 (MPM7+, monosomy 7) our data could
indicate that the leukaemic transformation happened in a CLEC12A+ progenitor cell,
which would confirm previous findings of Schuurhuis ef a/(2013). This patient had a
history of MDS with monosomy 7 and later developed NPM7+ sAML. Even though
low risk MDS has been shown to propagate from the haematopoietic stem cell
(Tehranchi et al, 2010; Woll et al, 2014), evidence suggests some high-risk MDS
subtypes, e.g. monosomy 7 do in fact derive from a later progenitor stage (Dimitriou
et al, 2016). Thus, despite evidence of pre-leukaemic mutations in the
ALDH”CDB4+CLEC12A- cell subset, CLEC12A targeted therapy could,
theoretically;*have been beneficial in this patient with sAML. This notion is supported
by a very recent study by Jongen-Lavrencic et a/ (2018), showing that, for AML in
complete_remission, detection of persistent mutations in ASXL7, DNM3TA and TETZ2
was not correlated with an increased relapse rate. On the other hand, in the case of
AML 4, the leukaemic mutations (FL73-ITD+, NPM7+ and WT7+) must have arisen
in a CLEC12A- cell, as the ALDH”CD34+CLEC12A- cell subset also harboured
these mutations, albeit in lower VAFs. Hence, CLEC12A-directed therapy would
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most likely be insufficient to eradicate the most immature AML cells in this particular

patient.

Another study investigating primarily core-binding factor leukaemias has included
ALDH activity™ as a marker of stem cells and found cells with the
ALDHP"'CD84+CD38- immunophenotype to be of non-neoplastic nature (Gerber et al,
2012). In line with this, the ALDH®'CD34+CLEC12A- cells from AML 1 (t(8;21)) were
cytogenetically normal when evaluated by FISH. The majority, but not all of the
ALDHP'CLEC12A+ cells was also negative for t(8;21) (4/100, Table II), indicating that
adding CLEC12A to the sorting scheme actually refined the separation of normal
HSPCs from cells with the malignant t(8;21) signature within the ALDH® cell
compartment. This contrasts to AML 2, where the sorted ALDH”CD34+CLEC12A-
cells were predominantly cytogenetically abnormal (Table II). This patient had a
complex karyotype but no history of antecedent MDS. It is worth noticing that both
AML 1 and,2 presented with a large fraction of CD34+CD38-CLEC12A+ cells (Table
), which, by.eurrent definitions, would indicate CLEC12A as a bona fide LCS marker
in both cases. However, if one were to choose to target CLEC12A, the predicted
outcome would be quite different for AML 1 and AML 2.

While it'is known that in a significant proportion of human AML cases, the leukaemic
cells do not express CD34, there is no consensus on the definition of CD34- AML
(Kanda ef al/, 2000). In a recent work, Zeijlemaker et al (2015) suggested that the
distinction| between CD34+ and CD34- AML should be based on the presence /
absence of aberrant marker expression on the CD34+CD38- cells rather than an
arbitrary cut-off value for CD34 expression. Previous reports have shown the small
fraction of CD34+ cells in CD34- AML to often represent residual normal HSPCs
(Taussig et al2010). However, the existence of CD34+ LCSs in CD34- AML has
recently beensdemonstrated (Quek et a/, 2016), and as such the need for a deeper
understanding of this subtype of AML remains important. We have previously
demonstratedithat in CD34- AML, the percentage of blasts expressing CLEC12A is
consistently high (Larsen ef a/, 2012). In this study, we have evaluated two cases of
CD34- AML (AML 4 and 5; < 1% CD34+ cells). In the case of AML 4, > 80% of the
leukaemic CD34- blasts expressed CLEC12A, and it could be tempting to pinpoint
such a patient for CLEC12A targeted therapy — which in this case would most
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probably fail, as the ALDH>CD34+CLEC12A- cells also harboured FLT73ITD, NPM1
and WT7 mutations. As mentioned above, CLEC12A might have been a beneficial
target in the other case of CD34- AML (AML 5), and future research is needed to
evaluate if CLEC12A could be advantageous as a target in most cases of CD34- and
other more“mature” cases of AML, equivalent to what is often seen in CD33-directed
therapy (Walter et a/, 2012).

Our studygdid not provide functional evidence of LSCs with recognised AML driver
mutations (e.9«FL73-ITD or NPMT) in the LTC-IC assay. However, we confirmed the
findings of previous studies, showing a preponderance of LTC-IC activity in cells with
early leukaemogenic events, e.g. in epigenetic or chromatin modifying genes, such
as 7TET2and ASXL1 (Chesnais et al, 2017). In addition, the data from targeted NGS
on highly purified cell subsets strongly suggested a hierarchical relationship between
the ALDH*'CD34+CLEC12A- and ALDH*CLEC12A+ cell subsets, indicating that the
pre-leukaemic and/or founding clones often arise in the most immature
ALDHP"'CD34+CLEC12A- cells with additional driver mutations emerging either in a
ALDH""CD84+CLEC12A- cell or in a more mature ALDH> CLEC12A+ cell. This is
most evidentifthe case of AML 3, where the ALDH*CLEC12A+ cell harboured all 7
identified mutations in VAFs of 45-49%, indicating that the vast majority of these
cells harboured all of the mutations, while although all 7 mutations were present in
the ALDHP'CD34+CLEC12A- cells, the VAFs varied, indicating a linear acquisition of
mutations (Fig 3). In further support of the accumulative nature of the leukaemic
events, the LTC-IC derived CFCs were negative for the /DH7 mutation, while 38% of
the evaluated colonies were ASXL7+. Furthermore, although AML 3 clinically
presented'as de novo AML, the presence of ASXL7 and EZH2 mutations is highly
indicative.'of .a.8Subclinical antecedent MDS phase (Lindsley ef a/, 2015), and the
finding of neoplastic CLEC12A- cells would be in accordance with our previous study
of CLEC12A«in‘MDS (Toft-Petersen et a/, 2016). Similarly, in the case of AML 5, the
colonies_from LTC-IC harboured founding mutations in 7E72 c.1767delT, TETZ2
c.1932delA"and. ZRSRZ2, while being devoid of the NPM7 mutation. Taken together,
targeted NGS analyses on rigorously purified cell subsets, in contrast to bulk BM
analysis, can reveal knowledge of the clonal evolution in a given patient sample and
thus help determine — if not the LSC, as this by strict definitions requires functional

studies — then the most immature cell subset to harbour a given set of mutations.
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Naturally, as our results are based on the evaluation of very few cells, the lack of a
specific mutation in a given cell subset should, of course, be interpreted with caution.
Nevertheless, we feel that the presented method, if standardized and optimized to
the clinical setting, could be very useful. For example, in the setting of a clinical trial
testing a= given targeted treatment, this technique could prove valuable in the
evaluation® of the efficacy of such therapies based on information of the clonal
architecture in different AML stem cell compartments. Ultimately, assuming that LSC
marker paesitivity/negativity in immature AML cells and mutational status in the
respective _cell. compartments is correlated with treatment response, a similar
methodology could indeed serve as a prerequisite for successful identification of the
particular patients likely to benefit from a given treatment directed against any cell

surface molecule.

In conclusion, our study adds to the understanding of CLEC12A in AML and cautions
that a detailed determination of the leukaemic cell of origin “up front” will be
necessary to-predict treatment response and direct the right patients for CLEC12A
targeted therapy. Thus, we predict a future need for a refinement of the initial
diagnostics where cytogenetic and molecular analyses ideally should be performed
on sorted cellssubsets based on relevant markers and/or treatment targets. Such an
approach indeed appears to be essential in order to practice personalised medicine
in a complex disease such as AML.

Acknowledgements

The authors gratefully acknowledge Professor Gordon D. Brown, MRC Centre for
Medical .Mycology, University of Aberdeen, for providing the anti-CLEC12A
hybridoma==The authors would also like to thank Petter S. Woll, MSc, PhD,
Karolinska=institutet, Stockholm, Sweden, for the kind and generous supervision of
the LTC-lGsexperiments. Furthermore, we thank the FACS Core Facility at Aarhus
University forsaccess to the cell sorter and Pia S. Kristensen, Marianne Rorbaek
Bomberg, Dorte Melsvik, and Maria Hansen, MSc, PhD, Department of
Haematology, Aarhus University Hospital, for their excellent technical assistance.
The study was supported by grants to P.H. from the Danish Cancer Society, the
John and Birthe Meyer Foundation, the Novo-Nordisk Foundation, the Danish

This article is protected by copyright. All rights reserved



Council for Independent Research, and the Karen Elise Jensen Foundation, and by

a grant to M.B. from Max Wgrzner and wife Inger Wgrzner's Foundation.

Authorship contributions

M.B., L.N.,/A:S.R. and P.H. designed the study. M.B., A.A., E.K. and L.N. performed
the experiments and analysed the data. M.B. drafted the manuscript and received
input and ‘eritical reviews from L.N., A.A., E.K., A.S.R. and P.H.. P.H. provided the
financial background for the study. M.B. has previously published under her maiden
name Toft-Petersen. All authors read and approved the final manuscript.

Disclosure of conflicts of interest
The authors'declare no competing interests.

References

Ailles, L.E., Gerhard, B., Kawagoe, H. & Hogge, D.E. (1999) Growth characteristics
of acute myelogenous leukemia progenitors that initiate malignant hematopoiesis
in nonobese.diabetic/severe combined immunodeficient mice. Blood, 94, 1761—
1772.

Ajani, J.A., Song, S., Hochster, H.S. & Steinberg, 1.B. (2015) Cancer stem cells: the
promise and the potential. Semin Oncol, 42 Suppl 1, S3-17.

Barnes, D.J. & Melo, J.V. (2006) Primitive, quiescent and difficult to kill: the role of
non-proliferating stem cells in chronic myeloid leukemia. Cell Cycle, 5, 2862—
2866.

Bill, M., van Kooten Niekerk, P.B., Woll, P.S., Herborg, L.L., Roug, A.S., Hokland, P.
& Nederby, L. (2018) Mapping the CLEC12A Expression on Myeloid Progenitors
in Normal Boene Marrow; Implications for Understanding CLEC12A Related
Cancer Stem Cell Biology. J Cell Mol Med, 22, 2311-2318.

Bonnet, D. (2005) Normal and leukaemic stem cells. BrJ Haematol, 130, 469—479.

This article is protected by copyright. All rights reserved



Bonnet, D. & Dick, J.E. (1997) Human acute myeloid leukemia is organized as a
hierarchy that originates from a primitive hematopoietic cell. Nat Med, 3, 730—
737.

Bruserud, ., Aasebg, E., Hernandez-Valladares, M., Tsykunova, G. & Reikvam, H.
(2017) Fherapeutic targeting of leukemic stem cells in acute myeloid leukemia -
the biolegical background for possible strategies. Expert Opin Drug Discov, 12,
1058-1065:

Cancer Genome Atlas Research Network, Ley, T.J., Miller, C., Ding, L., Raphael,
B.J., Mungall, A.J., Robertson, A.G., Hoadley, K., Triche, T.J., Laird, P.W., Baty,
J.D., Fulten, L.L., Fulton, R., Heath, S.E., Kalicki-Veizer, J., Kandoth, C., Kico,
J.M., Koboldt, D.C., Kanchi, K.-L., Kulkarni, S., Lamprecht TL, Larson DE, Lin L,
Lu C, McLellan MD, McMichael JF, Payton J, Schmidt H, Spencer DH,
Tomassen.MH, Wallis JW, Wartman LD, Watson MA, Welch J, Wendl MC, Ally
A, Balasundaram M, Birol |, Butterfield Y, Chiu R, Chu A, Chuah E, Chun HJ,
Corbett'R;"Dhalla N, Guin R, He A, Hirst C, Hirst M, Holt RA, Jones S, Karsan A,
Lee D, Li HI; Marra MA, Mayo M, Moore RA, Mungall K, Parker J, Pleasance E,
Plettner. P, Schein J, Stoll D, Swanson L, Tam A, Thiessen N, Varhol R, Wye N,
Zhao Y,Gabriel S, Getz G, Sougnez C, Zou L, Leiserson MD, Vandin F, Wu HT,
Applebaum F, Baylin SB, Akbani R, Broom BM, Chen K, Motter TC, Nguyen K,
Weinstein JN, Zhang N, Ferguson ML, Adams C, Black A, Bowen J, Gastier-
Foster J, Grossman T, Lichtenberg T, Wise L, Davidsen T, Demchok JA, Shaw
KR, Sheth M, Sofia HJ, Yang L, Downing JR, Eley G. (2013) Genomic and
epigenemie-landscapes of adult de novo acute myeloid leukemia. N Eng/ J Med,
368,.2059-2074.

Chesnais, \., Arcangeli, M.-L., Delette, C., Rousseau, A., Guermouche, H., Lefevre,
C., Bondu, S., Diop, M., Cheok, M., Chapuis, N., Legros, L., Raynaud, S.,
Willems, LsyBouscary, D., Lauret, E., Bernard, O.A., Kosmider, O., Pflumio, F. &
Fontenay, M. (2017) Architectural and functional heterogeneity of hematopoietic
stem/progenitor cells in non-del(5q) myelodysplastic syndromes. Blood, 129,
484—-496.

Cheung, A.M.S., Wan, T.S.K,, Leung, J.C.K., Chan, L.Y.Y., Huang, H., Kwong, Y.L.,

This article is protected by copyright. All rights reserved



Liang, R. & Leung, A.Y.H. (2007) Aldehyde dehydrogenase activity in leukemic
blasts defines a subgroup of acute myeloid leukemia with adverse prognosis and
superior NOD/SCID engrafting potential. Leukemia, 21, 1423—1430.

Corces-Zimmerman, M.R., Hong, W.-J., Weissman, |.L., Medeiros, B.C. & Majeti, R.
(2014) Preleukemic mutations in human acute myeloid leukemia affect
epigenetic regulators and persist in remission. Proc Nat/ Acad Sci U S A, 111,
2548-2558:

Dimitriou, M., Woll, P.S., Mortera-Blanco, T., Karimi, M., Wedge, D.C., Doolittle, H.,
Douagiyks-Papaemmanuil, E., Jacobsen, S.E.W. & Hellstrém-Lindberg, E. (2016)
Perturbed hematopoietic stem and progenitor cell hierarchy in myelodysplastic
syndromes patients with monosomy 7 as the sole cytogenetic abnormality.
Oncotarget, 7, 72685-72698.

Gawad, C., Koh, W. & Quake, S.R. (2016) Single-cell genome sequencing: current
state of the science. Nat Rev Genet, 17, 175—-188.

Gentry, T., Deibert, E., Foster, S.J., Haley, R., Kurtzberg, J. & Balber, A.E. (2007)
Isolation.of early hematopoietic cells, including megakaryocyte progenitors, in the
ALDH-bright cell population of cryopreserved, banked UC blood. Cytotherapy, 9,
569-576.

Gerber, J.M.;7Qin, L., Kowalski, J., Smith, B.D., Griffin, C.A., Vala, M.S., Collector,
M.l., Perkins, B., Zahurak, M., Matsui, W., Gocke, C.D., Sharkis, S.J., Levitsky,
H.l. & Jones, R.J. (2011) Characterization of chronic myeloid leukemia stem
cells. Am J Hemartol, 86, 31-37.

Gerber, J.M., Smith, B.D., Ngwang, B., Zhang, H., Vala, M.S., Morsberger, L.,
Galkin, S., Collector, M.1., Perkins, B., Levis, M.J., Griffin, C.A., Sharkis, S.J.,
Borowitz, M., Karp, J.E. & Jones, R.J. (2012) A clinically relevant population of
leukemic CD34(+)CD38(-) cells in acute myeloid leukemia. Blood, 119, 3571—
3577.

Goardon, N., Marchi, E., Atzberger, A., Quek, L., Schuh, A., Soneji, S., Woll, P.,
Mead, A., Alford, K.A., Rout, R., Chaudhury, S., Gilkes, A., Knapper, S.,

This article is protected by copyright. All rights reserved



Beldjord, K., Begum, S., Rose, S., Geddes, N., Griffiths, M., Standen, G.,
Sternberg, A., Cavenagh J, Hunter H, Bowen D, Killick S, Robinson L, Price A,
Macintyre E, Virgo P, Burnett A, Craddock C, Enver T, Jacobsen SE, Porcher C,
Vyas P (2011) Coexistence of LMPP-like and GMP-like leukemia stem cells in
acute'myeloid leukemia. Cancer Cell, 19, 138-152.

Griessinger, E./Anjos-Afonso, F., Pizzitola, |., Rouault-Pierre, K., Vargatftig, J.,
TaussigyD7*Gribben, J., Lassailly, F. & Bonnet, D. (2014) A niche-like culture
system-allowing the maintenance of primary human acute myeloid leukemia-
initiating cells: a new tool to decipher their chemoresistance and self-renewal
mechanisms. Stem Cells Trans/ Med, 3, 520-529.

Hess, D.A., Meyerrose, T.E., Wirthlin, L., Craft, T.P., Herrbrich, P.E., Creer, M.H. &
Nolta, J.A. (2004) Functional characterization of highly purified human
hematopaeietic repopulating cells isolated according to aldehyde dehydrogenase
activity.aBlood, 104, 1648-1655.

Hoang, V.T.,'Hoffmann, |., Borowski, K., Zepeda-Moreno, A., Ran, D., Buss, E.C.,
Wuchter;:P+: Eckstein, V. & Ho, A.D. (2013) Identification and separation of
normal hematopoietic stem cells and leukemia stem cells from patients with
acute-myeloid leukemia. Methods Mol Biol, 1035, 217-230.

Hoang, V.T., Buss, E.C., Wang, W., Hoffmann, 1., Raffel, S., Zepeda-Moreno, A.,
Baran, NawWuchter, P., Eckstein, V., Trumpp, A., Jauch, A., Ho, A.D. & Lutz, C.
(2015) Ihe . rarity of ALDH(+) cells is the key to separation of normal versus
leukemiastem cells by ALDH activity in AML patients. /nt. J. Cancer, 137, 525-
536:

Jiang, Y.-Paekiug B.Y., Zheng, Q., Panuganti, S., Chen, R., Zhu, J., Mishra, M.,
HuangsdDao-Pick, T., Roy, S., Zhao, X., Lin, J., Banik, G., Hsi, E.D.,
Mandalam, R. & Junutula, J.R. (2018) CLT030, a leukemic stem cell-targeting
CLL1 antibody-drug conjugate for treatment of acute myeloid leukemia. Blood
Aadv, 2, 1738-1749.

Jongen-Lavrencic, M., Grob, T., Hanekamp, D., Kavelaars, F.G., Hinai, Al, A.,
Zeilemaker, A., Erpelinck-Verschueren, C.A.J., Gradowska, P.L., Meijer, R.,

This article is protected by copyright. All rights reserved



Cloos, J., Biemond, B.J., Graux, C., van Marwijk Kooy, M., Manz, M.G., Pabst,
T., Passweg, J.R., Havelange, V., Ossenkoppele, G.J., Sanders, M.A.,
Schuurhuis, G.J., Léwenberg B, Valk PJM. (2018) Molecular Minimal Residual
Disease in Acute Myeloid Leukemia. N Eng/ J Med, 378, 1189—1199.

Kanda, Y., Hamaki, T., Yamamoto, R., Chizuka, A., Suguro, M., Matsuyama, T.,
Takezako, N., Miwa, A., Kami, M., Hirai, H. & Togawa, A. (2000) The clinical
significance of CD34 expression in response to therapy of patients with acute
myeloidleukemia: an overview of 2483 patients from 22 studies. Carncer, 88,
2529-2533.

Klco, J.M.{ Spencer, D.H., Miller, C.A., Griffith, M., Lamprecht, T.L., O'Laughlin, M.,
Fronick, C., Magrini, V., Demeter, R.T., Fulton, R.S., Eades, W.C., Link, D.C.,
Graubert, T.A., Walter, M.J., Mardis, E.R., DiPersio, J.F., Wilson, R.K. & Ley,
T.J. (2014).Functional heterogeneity of genetically defined subclones in acute
myeloid leukemia. Cancer Cell, 25, 379-392.

Krauth, M.-T.; Alpermann, T., Bacher, U., Eder, C., Dicker, F., Ulke, M., Kuznia, S.,
Nadarajahs=N., Kern, W., Haferlach, C., Haferlach, T. & Schnittger, S. (2015)
WT1 mutations are secondary events in AML, show varying frequencies and
impact-onsprognosis between genetic subgroups. Leukemia, 29, 660—-667.

Laborda, E., Mazagova, M., Shao, S., Wang, X., Quirino, H., Woods, A.K., Hampton,
E.N., Rodgers, D.T., Kim, C.H., Schultz, P.G. & Young, T.S. (2017) Development
of A Chimeric Antigen Receptor Targeting C-Type Lectin-Like Molecule-1 for
HumanrAcute Myeloid Leukemia. /nt J Mol Sci, 18, 2259.

Lapidot, Tx Sirard, C., Vormoor, J., Murdoch, B., Hoang, T., Caceres-Cortes, J.,
MindengMs-Paterson, B., Caligiuri, M.A. & Dick, J.E. (1994) A cell initiating
human.acute myeloid leukaemia after transplantation into SCID mice. Nature,
367, 645=648.

Larsen, H.G., Roug, A.S., Just, T., Brown, G.D. & Hokland, P. (2012) Expression of
the hMICL in acute myeloid leukemia-a highly reliable disease marker at
diagnosis and during follow-up. Cyftometry. Part B, Clinical cytometry, 82, 3—8.

This article is protected by copyright. All rights reserved



Leong, S.R., Sukumaran, S., Hristopoulos, M., Totpal, K., Stainton, S., Lu, E., Wong,
A., Tam, L., Newman, R., Vuillemenot, B.R., Ellerman, D., Gu, C., Mathieu, M.,
Dennis, M.S., Nguyen, A., Zheng, B., Zhang, C., Lee, G., Chu, Y.-W., Prell, R.A,,
Lin K, Laing ST, Polson AG. (2017) An anti-CD3 / anti-CLL-1 Bispecific Antibody
for the treatment of Acute Myeloid Leukemia. Blood, 129, 609-618.

Lindsley, R.C.,Mar, B.G., Mazzola, E., Grauman, P.V., Shareef, S., Allen, S.L.,
Pigneux;"ArWetzler, M., Stuart, R.K., Erba, H.P., Damon, L.E., Powell, B.L.,
LindemanyN., Steensma, D.P., Wadleigh, M., DeAngelo, D.J., Neuberg, D.,
Stone/ R.M. & Ebert, B.L. (2015) Acute myeloid leukemia ontogeny is defined by
distinct somatic mutations. Blood, 125, 1367—1376.

Lu, H., Zhou, Q., Deshmukh, V., Phull, H., Ma, J., Tardif, V., Naik, R.R., Bouvard, C.,
Zhang, Y., Choi, S., Lawson, B.R., Zhu, S., Kim, C.H. & Schultz, P.G. (2014)
Targeting:Human C-Type Lectin-Like Molecule-1 (CLL1) with a Bispecific
Antibody.for.Immunotherapy of Acute Myeloid Leukemia. Angew Chem Int Ed
Engl, 58;9841-9845.

Moshaver;:Bsvan Rhenen, A., Kelder, A., van der Pol, M., Terwijn, M., Bachas, C.,
Westra, A.Hs, Ossenkoppele, G.J., Zweegman, S. & Schuurhuis, G.J. (2008)
Identification of a small subpopulation of candidate leukemia-initiating cells in the
side population of patients with acute myeloid leukemia. Stem Cells, 26, 3059—
3067.

Pearce, DJ., Taussig, D., Simpson, C., Allen, K., Rohatiner, A.Z., Lister, T.A. &
BonnetyD:(2005) Characterization of cells with a high aldehyde dehydrogenase
activity fromscord blood and acute myeloid leukemia samples. Stem Cells, 23,
752-+760.

Quek, L., Otto;:G.W., Garnett, C., Lhermitte, L., Karamitros, D., Stoilova, B., Lau, I.-
J., Doondeea, J., Usukhbayar, B., Kennedy, A., Metzner, M., Goardon, N., Ivey,
A., Alleny C., Gale, R., Davies, B., Sternberg, A., Killick, S., Hunter, H., Cahalin,
P., Price A, Carr A, Griffiths M, Virgo P, Mackinnon S, Grimwade D, Freeman S,
Russell N, Craddock C, Mead A, Peniket A, Porcher C, Vyas P. (2016)
Genetically distinct leukemic stem cells in human CD34- acute myeloid leukemia
are arrested at a hemopoietic precursor-like stage. J Exp Med, 213, 1513—-1535.

This article is protected by copyright. All rights reserved



Roug, A.S., Larsen, H.J., Nederby, L., Just, T., Brown, G., Nyvold, C.G., Ommen,
H.B. & Hokland, P. (2014) hMICL and CD123 in combination with a
CD45/CD34/CD117 backbone - a universal marker combination for the detection
of minimal residual disease in acute myeloid leukaemia. Br J Haematol, 164,
212-+222:

Sarry, J.-Ei, Murphy, K., Perry, R., Sanchez, P.V., Secreto, A., Keefer, C., Swider,
C.Ry Strzelecki, A.-C., Cavelier, C., Recher, C., Mansat-De Mas, V., Delabesse,
E., Danet=Desnoyers, G. & Carroll, M. (2011) Human acute myelogenous
leukemia stem cells are rare and heterogeneous when assayed in
NOD/SCID/IL2Ryc-deficient mice. J Clin Invest, 121, 384—395.

Schuurhuis, G.J., Meel, M.H., Wouters, F., Min, L.A., Terwijn, M., de Jonge, N.A,
Kelder, A., Snel, A.N., Zweegman, S., Ossenkoppele, G.J. & Smit, L. (2013)
Normal.hematopoietic stem cells within the AML bone marrow have a distinct
and higher. ALDH activity level than co-existing leukemic stem cells. PLoS One,
8, €78897:

Shlush,L:ksZandi, S., Mitchell, A., Chen, W.C., Brandwein, J.M., Gupta, V.,
Kennedy, J:A., Schimmer, A.D., Schuh, A.C., Yee, K.W., McLeod, J.L., Doedens,
M., Medeiros, J.J.F., Marke, R., Kim, H.J., Lee, K., McPherson, J.D., Hudson,
T.J., HALT Pan-Leukemia Gene Panel Consortium, Brown, A.M., Yousif F, Trinh
QM, Stein:kD, Minden MD, Wang JC, Dick JE. (2014) Identification of pre-
leukaemic haematopoietic stem cells in acute leukaemia. Nature, 506, 328—333.

Storms, RW:=Trujillo, A.P., Springer, J.B., Shah, L., Colvin, O.M., Ludeman, S.M. &
SmithyC(1999) Isolation of primitive human hematopoietic progenitors on the
basis of aldehyde dehydrogenase activity. Proc Nat/ Acad Sci U S A, 96, 9118—
9123.

Tashiro, HsSauer, T., Shum, T., Parikh, K., Mamonkin, M., Omer, B., Rouce, R.H.,
Lulla, PRooney, C.M., Gottschalk, S. & Brenner, M.K. (2017) Treatment of
Acute Myeloid Leukemia with T Cells Expressing Chimeric Antigen Receptors
Directed to C-type Lectin-like Molecule 1. Mo/ Ther, 25, 2202-2213.

Taussig, D.C., Miraki-Moud, F., Anjos-Afonso, F., Pearce, D.J., Allen, K., Ridler, C.,

This article is protected by copyright. All rights reserved



Lillington, D., Oakervee, H., Cavenagh, J., Agrawal, S.G., Lister, T.A., Gribben,
J.G. & Bonnet, D. (2008) Anti-CD38 antibody-mediated clearance of human
repopulating cells masks the heterogeneity of leukemia-initiating cells. Blood,
112, 568-575.

Taussig, D.GsVargatftig, J., Miraki-Moud, F., Griessinger, E., Sharrock, K., Luke, T.,
Lillingten, D:, Oakervee, H., Cavenagh, J., Agrawal, S.G., Lister, T.A., Gribben,
J.Gr&Bonnet, D. (2010) Leukemia-initiating cells from some acute myeloid
leukemiaspatients with mutated nucleophosmin reside in the CD34(-) fraction.
Blood[ 115, 1976—-1984.

Tehranchi; Rs, Woll, P.S., Anderson, K., Buza-Vidas, N., Mizukami, T., Mead, A.J.,
Astrand-Grundstrém, |., Strdmbeck, B., Horvat, A., Ferry, H., Dhanda, R.S., Hast,
R., Rydén, T., Vyas, P., Gbéhring, G., Schlegelberger, B., Johansson, B.,
Hellstrém-Lindberg, E., List, A., Nilsson, L., Jacobsen SE. (2010) Persistent
malignant.stem cells in del(5q) myelodysplasia in remission. N Eng/ J Med, 363,
1025-1037:

TerwijnMs=Zeijlemaker, W., Kelder, A., Rutten, A.P., Snel, A.N., Scholten, W.J.,
Pabst, T., Verhoef, G., Ldwenberg, B., Zweegman, S., Ossenkoppele, G.J. &
SchuurhuisypG.J. (2014) Leukemic Stem Cell Frequency: A Strong Biomarker for
Clinical Outcome in Acute Myeloid Leukemia. PLoS One, 9, e107587.

Thomas, D..&Majeti, R. (2017) Biology and relevance of human acute myeloid
leukemia stem cells. Blood, 129, 1577—1585.

Toft-Petersen, M., Nederby, L., Kjeldsen, E., Kerndrup, G.B., Brown, G.D., Hokland,
P. & Stidsholt Roug, A. (2016) Unravelling the relevance of CLEC12A as a
cancerstem=cell marker in myelodysplastic syndrome. Br J Haematol, 175, 393—
401.

van Gosliga, D., Schepers, H., Rizo, A., van der Kolk, D., Vellenga, E. & Schuringa,
J.J. (2007) Establishing long-term cultures with self-renewing acute myeloid
leukemia stem/progenitor cells. Exp Hematol, 35, 1538—1549.

van Rhenen, A., van Dongen, G.A.M.S., Kelder, A., Rombouts, E.J., Feller, N.,

This article is protected by copyright. All rights reserved



Moshaver, B., Stigter-van Walsum, M., Zweegman, S., Ossenkoppele, G.J. &
Jan Schuurhuis, G. (2007a) The novel AML stem cell associated antigen CLL-1
aids in discrimination between normal and leukemic stem cells. Blood, 110,
2659-2666.

van RhenengA:, Moshaver, B., Kelder, A., Feller, N., Nieuwint, AW.M., Zweegman,
S., Ossenkappele, G.J. & Schuurhuis, G.J. (2007b) Aberrant marker expression
patternstonthe CD34+CD38- stem cell compartment in acute myeloid leukemia
allowsstordistinguish the malignant from the normal stem cell compartment both

at diagnosis and in remission. Leukemia, 21, 1700—-1707.

Walter, R.B.,/Appelbaum, F.R., Estey, E.H. & Bernstein, |.D. (2012) Acute myeloid
leukemia stem cells and CD33-targeted immunotherapy. Blood, 119, 6198—6208.

Wang, J., Chen, S., Xiao, W., Li, W., Wang, L., Yang, S., Wang, W., Xu, L., Liao, S.,
Liu, W., Wang, Y., Liu, N., Zhang, J., Xia, X., Kang, T., Chen, G., Cai, X., Yang,
H., Zhang, X., Lu, Y., Zhou P. (2018) CAR-T cells targeting CLL-1 as an
approach to treat acute myeloid leukemia. J Hemato/ Oncol, 11, 7.

Wei, A.H &liong, I.S. (2017) Midostaurin, enasidenib, CPX-351, gemtuzumab
ozogamicin, and venetoclax bring new hope to AML. Blood, 130, 2469-2474.

Woll, P.S., Kjallquist, U., Chowdhury, O., Doolittle, H., Wedge, D.C., Thongjuea, S.,
Erlandsson;R., Ngara, M., Anderson, K., Deng, Q., Mead, A.J., Stenson, L.,
Giustacchini, A., Duarte, S., Giannoulatou, E., Taylor, S., Karimi, M.,
Scharenberg, C., Mortera-Blanco, T., Macaulay, I.C., Clark SA, Dybedal |,
Josefsen D, Fenaux P, Hokland P, Holm MS, Cazzola M, Malcovati L, Tauro S,
Bowen D, Boultwood J, Pellagatti A, Pimanda JE, Unnikrishnan A, Vyas P,
Goéhring=GSchlegelberger B, Tobiasson M, Kvalheim G, Constantinescu SN,
Nerlov.CsNilsson L, Campbell PJ, Sandberg R, Papaemmanuil E, Hellstrém-
LindbergiE, Linnarsson S, Jacobsen SE. (2014) Myelodysplastic syndromes are
propagated by rare and distinct human cancer stem cells in vivo. Cancer Cell,
25, 794-808.

Wu, R.P., Li, H., Rassenti, L.Z., Hayashi, T., Wu, C.N., Kipps, T.J., Messer, K. &
Carson, D.A. (2013) Increased aldehyde dehydrogenase activity in high-risk

This article is protected by copyright. All rights reserved



chronic lymphocytic leukemia. Leuk Lymphoma, 54, 400—402.

Yanagisawa, B., Ghiaur, G., Smith, B.D. & Jones, R.J. (2016) Translating leukemia
stem cells into the clinical setting: Harmonizing the heterogeneity. Exp Hematol,
44, 1130-1137.

Zeijlemaker, W.; Kelder, A., Wouters, R., Valk, P.J.M., Witte, B.1., Cloos, J.,
Ossenkoppele, G.J. & Schuurhuis, G.J. (2015) Absence of leukaemic CD34(+)
cells intacute myeloid leukaemia is of high prognostic value: a longstanding
controversy.deciphered. Br J Haematol, 171, 227-238.

This article is protected by copyright. All rights reserved



Table I. Patient characteristics

Clinical Blast % CLEC12A+
Blast % % CLEC12A+ )
AML Age ) CD34 CD34+CD38- Karyotype Molecular aberration
! in BM blasts
presentation phenotype cells
) 46,XX,1(6;10)(g22;925)c[14] /

De neve 32 ~50% CD34 high 78% 54% ) -
46,idem,1(8;21)(g22;q22)[11]
43,XX,-3,der(3;11)(q10;q10),

De novo 79 > 80% CD34 +/ - 59% 21% -

-11,-14,-18,+mar[25]
De nova 75 70-80% CD34 + /- 69% 6% 46,XY[25] IDH1R132C
NPM71 mut A

De nove 86 > 90% CD34 -~ 81% 0.7% (2 events) 46,XY[25]

FLT3ITD
SAML (MDS)==x 80 > 95% CD34 - * 89% 2.7% (2 events) 45,XY,-7[22/25] NPM1 mut A
CML-BC 67 ~ 40% CD34 + 53% 13% ND BCR-ABLT

* less than™1%,CD34+ cells
AML: acute'myeloid leukaemia; BM: bone marrow; CML-BC: chronic myeloid leukaemia in blast crisis; ITD: internal tandem duplication; MDS:
myelodysplastic syndrome.ND: not done; NK: normal karyotype; sAML: secondary acute myeloid leukaemia.
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Table Il. Molecular genetics and fluorescence /n situ hybridization on sorted subsets and single colonies

from LTC-IC
ALDH"CLEC12A+ ALDH""CD34+CLEC12A-
LTC-IC LTC-IC
Patient Investigated aberration-positive aberration-positive
] Sorted cells Sorted cells )
sample aberration colonies (n)/ colonies (n)/
total colonies total colonies
evaluated (N) evaluated (N)
AML 1 RUNXT-RUNX1TT 4/100 (4%) 0/8 (0%) 0/44 (0%) 0/7 (0%)
" No colonies
19g23/KMT2A 94/100 (94%) ) 85/100 (85%) 0/6 (0%)
in LTC-IC
AML 2
No colonies
18q21/BCL2# 90/100 (90%) ) 91/100 (91%) 0/6 (0%)
in LTC-IC
/DHT mutation+ : /DHT mutation+
g No colonies
AML 3 /PDH7 mutation (20.000 sorted cells) i LTCG (833 sorted cells) 0/16 (0%)
in -
~ 45% ~ 30%
NPMT mutation A+ ) NPMT mutation+
No colonies
NPM7 mutation A (9722 sorted cells) ) (1031 sorted cells) 0/16 (0%)
in LTC-IC
~ 45% ~ 25%
AML 4
FLT3ITD+ ) FLT3ITD+
s No colonies
FLT3ITD (9722 sorted cells) ) (1031 sorted cells) 0/16 (0%)
in LTC-IC
~ 50% ~15%
No colonies
7931 23/ELN' 90/90 (100%) ) 0/5 (0%) 0/6 (0%)
in LTC-IC
S NPM7 mutation A+ )
i 5 No colonies NPMTWT
NPM7 mutation A (6093 sorted cells) ) 0/6 (0%)
in LTC-IC (357 sorted cells)
~ 45%
CML 1 1(9:22)(q34;q11)" 99/100 (99%) 5/5 (100%) 97/100 (97%) 3/3 (100%)

initiating cell assay; NKinormal karyotype; WT: wild type.

Investigated by:#fluerescence in situ hybridization; ¥ fragment length analysis; * Sanger sequencing

AML: acute myeloid leukaemia; CML: chronic myeloid leukaemia; ITD: internal tandem duplication; LTC-IC: long-term colony-
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Table Ill. Targeted NGS on sorted subsets and single CFCs derived from LTC-IC

Targeted NGS 30 Gene Panel ALDH”"CLEC12A+ ALDH*'CD34+CLEC12A-
LTC-IC LTC-IC
. Sorted ) N Sorted ) N
Patient Mutations aberration-positive aberration-positive
. o VAF cells ) cells )
sample identified in colonies (n)/ colonies (n)/
. (%) VAF ) VAF )
unfractionated BM %) total colonies %) total colonies
° evaluated (N) ° evaluated (N)
IDH7¢.394C>T 45 46 30 0/16 (0%)*
ASXL7Tc.1934dupG 38 48 44 5/13 (38%)**
EZH2cA331T>A 42 49 32 % ND
AML 3 EZH2¢:394C>A 46 45 N/A 20 ND
RUNXT ¢.508 + 2T>C 41 48 19 ND
RUNXT
) 38 47 16 % ND
c.1283_1288delins10
JAK2c.1849G>T 43 45 33 ND
FLT3ITD ¢.1770_1793
47 50 9 0/16 (0%)*
dup
NPMT
AML 4 41 46 N/A 23 0/16 (0%)*
€.860_863dupTCTG
WTi€xon 9 c.1379delT 46 51 6 0/16 (0%)*
NPMT
38 26 0 0/6 (0%)*
€.860_863dupTCTG
AML 5 TET2¢cn 767delT 47 51 N/A 45 6/6 (100%)
TET2c.1932delA 49 46 55 6/6 (100%)*
ZRSR2¢.827+ 1G>A 988 100§ 1008 6/6 (100%)®
Investigated by * fragment length analysis or * Sanger sequencing
*three colonies were inconclusive ¥ male patient with ZRSR2 mutation on chromosome X
AML.: acute myeloid leukaemia; BM: bone marrow; CFC: colony forming cell; ITD: internal tandem duplication;
LTC-IC: long-term,colony-initiating cell assay; N/A: not applicable, ND: not done; NGS: next generation
sequencingVAFE: variant allele frequency

Legends
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Figure 1. Gating strategies and immunophenotypic characteristics of AML 1-5
and CML 1. In the left column, gating of the ALDH® subset on the CD14- cells is
shown for each patient sample with back-gating of the ALDH*CLEC12A+ (blue) and
the ALDH®'CD34+CLEC12A- (red) cell subsets. In the centre column, the distribution
of the ALDHYGLEC12A+ and ALDH>CD34+CLEC12A- cells subsets are shown in a
CLEC12Afvs. CD34 plot. In the right column, back-gating of the ALDH*CLEC12A+
(blue) and the ALDHCD34+CLEC12A- (red) cells into CD14- cells displayed in a
CD38 vs. €D34 plot is shown in order to view the expression of CD38 on the two cell

subsets.

Figure 2./Colony forming cells from the LTC-IC assay. A. CFCs/500 initially
seeded ALDH"'CLEC12A+ cells. B. CFCs/500 initially seeded
ALDH'CD34+CLEC12A- cells.

AML: acute myeloid leukaemia; BFU-E: burst forming unit-erythroid; CFC: colony-forming
cell; CFU-E; colony-forming unit erythroid; CFU-GEMM: mixed lineage colony-forming unit;
CFU-GM: colony-forming unit granulocyte-macrophage; CML: chronic myeloid leukaemia;
LTC-IC: long-term colony-initiating cell assay; NBM: normal bone marrow; UC: uncountable

due to over-plating; Ul: unidentifiable colony.

Figure 8..Proposed hierarchical relationship of subclones in the CLEC12A+/-
subsets in AML 3. The VAFs of the 7 identified mutations were equally high in the
ALDH”CLEG12A+ cell subset, while the VAFs varied in the
ALDH"CD84+CLEC12A- cell subset, indicating a linear accumulation of mutations in
the most immature cells.

HSC: haematopoietic stem cell; LSC: leukaemic stem cell; LTC-IC: long-term colony-
initiating cell'assay; VAF: variant allele frequency
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