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Simple Summary: Measurable residual disease (MRD), taken as the percentage of white blood cells
in acute myeloid leukemia, has important prognostic value, but false negatives and false positives
can occur. Immature populations make up the most important part of MRD (now referred to as
WBC-MRD). We explored the influence on prognostic impact of the two compartments of WBC-
MRD: (1) the AML part of the total primitive/progenitor (CD34+, CD117+, CD133+) compartment
(primitive marker MRD; PM-MRD) and (2) the total progenitor compartment (as % of WBC, PM%).
Both are related as follows: WBC-MRD = PM-MRD x PM%. In the HOVON/SAKK study (H102;
n = 300), using two objectively assessed cut-off points (2.34% and 10%), PM-MRD was found to
be prognostically more discriminative than WBC-MRD. The PM% parameter had no prognostic
impact and, moreover, resulted in WBC-MRD false positives/false negatives. Highly important for
present clinical practice is the identification of a PM-MRD > 10% but MRD"egative (MRD < 0.1, ELN
consensus) poor prognosis subgroup. This suggests that a residual disease analysis using PM-MRD
should be conducted.

Abstract: Measurable residual disease (MRD) in AML, assessed by multicolor flow cytometry, is an
important prognostic factor. Progenitors are key populations in defining MRD, and cases of MRD involving
these progenitors are calculated as percentage of WBC and referred to as white blood cell MRD (WBC-MRD).
Two main compartments of WBC-MRD can be defined: (1) the AML part of the total primitive/progenitor
(CD34+, CD117+, CD133+) compartment (referred to as primitive marker MRD; PM-MRD) and (2) the
total progenitor compartment (% of WBC, referred to as PM%), which is the main quantitative determinant
of WBC-MRD. Both are related as follows: WBC-MRD = PM-MRD x PM%. We explored the relative
contribution of each parameter to the prognostic impact. In the HOVON/SAKK study H102 (300 patients),
based on two objectively assessed cut-off points (2.34% and 10%), PM-MRD was found to offer an
independent prognostic parameter that was able to identify three patient groups with different prognoses
with larger discriminative power than WBC-MRD. In line with this, the PM% parameter itself showed
no prognostic impact, implying that the prognostic impact of WBC-MRD results from the PM-MRD
parameter it contains. Moreover, the presence of the PM% parameter in WBC-MRD may cause WBC-
MRD false positivity and WBC-MRD false negativity. For the latter, at present, it is clinically relevant
that PM-MRD > 10% identifies a patient sub-group with a poor prognosis that is currently classified as
good prognosis MRD™®824¢ yising the European LeukemiaNet 0.1% consensus MRD cut-off value. These
observations suggest that residual disease analysis using PM-MRD should be conducted.

Keywords: acute myeloid leukemia; minimal/measurable residual disease; multiparameter flow
cytometry; primitive compartment; prognostic value; MRD false negativity; MRD false positivity
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1. Introduction

In the treatment of acute myeloid leukemia (AML), the assessment of measurable
residual disease (MRD) is of high importance. Nowadays, MRD is assessed with molec-
ular methods (PCR and next-generation sequencing [1-4]), and for the majority of cases,
multicolor flow cytometry (MFC), which has been found to have high prognostic value for
disease outcomes in many studies [5-15]. MFC-MRD is classically defined as the number
of cells with a leukemic associated immunophenotype (LAIP), usually expressed as the
percentage of the complete white blood cell (WBC) population. European LeukemiaNet
(ELN) recommendations define MRD positivity as >0.1% LAIP" cells/WBC [12]. Apart
from the approach that uses LAIPs established at the time of diagnosis, ELN promotes the
so-called difference from normal approach, which assesses aberrant differentiation bone
marrow patterns, with subsequent quantification of aberrancies or no quantification (“any
MRD is MRD positive”) [16,17].

While MFC is the major method used to assess MRD, variation among laboratories
is high [18], and several attempts have been made to improve harmonization [19-21].
Therefore, there is a need for harmonization and, wherever possible, standardization of
assays. Whereas standardization for sample acquisition, shipment, and storage can be
achieved by strict rules [22-25], standardization in the analysis and reporting of MRD
remains a challenge [12].

A major criticism of MFC-MRD is that it is relatively subjective, since it requires exten-
sive knowledge of normal bone marrow (NBM) differentiation patterns [12]. In addition,
the background of LAIP antigens on normal cells may lead to low LAIP specificity and
therefore low sensitivity in the detection of specific, i.e., AML defining, LAIPs [26-28]. This
is especially important at lower MRD levels, where background levels may approach pa-
tient MRD levels. It also has to be emphasized that LAIPs may change during/after therapy,
resulting in the disappearance of populations or emergence of new populations [29-31].

Recently, we postulated an alternative MRD approach that has the potential to simplify
or better standardize MFC-MRD [26], because it allows one to quantitatively and more ob-
jectively assess MRD. It is known that CD34-positive, CD117-positive, and CD133-positive
leukemia compartments contain normal progenitors and leukemia initiating and propa-
gating cells [32-34]. We hypothesized that the relative contribution of AML progenitors
within the total progenitor compartment (AML + normal) may be equally informative for
relapse initiation as the total leukemic load, which, in turn, represents all aberrant cells and
is usually expressed as percentage of WBC. If non-dividing more mature cells are included,
this is referred to as MFC-MRD, and when only progenitors are included, it is referred to
as WBC-MRD. Indications for a prognostic impact of AML progenitors among the total
progenitor compartment were previously reported in a small study [35].

In this paper we show that, for WBC-MRD, it may not be the total tumor load (WBC-
MRD%) that has the main prognostic impact on AML, but rather, the contribution of
the AML progenitor part of the total progenitor population (referred to in this paper as
the primitive marker MRD; PM-MRD). Moreover, we identify a factor that is not only
superfluous but may even abrogate the prognostic impact of WBC-MRD in some patients.

2. Materials and Methods

The present study was designed to test a new MRD-related hypothesis based on data
obtained during a previous published trial [36,37]. This MRD hypothesis was compared
to an MRD assessment reported in a relevant publication [37]. An additional five patients
were excluded from the original analysis because PM-MRD data were missing.

Immunophenotyping was performed as previously described [38]. Flow cytometry
was performed on FACS CANTO (BD Biosciences, San Jose, CA, USA) with either 6- or
8-color antibody panels (see Table S2 in Zeijlemaker, et al. [37]). To be able to fully compare
the contributions of the two parameters (PM-MRD and PM%) with the prognostic impact
of MRD, we used the data assessed in the Zeijlemaker study. All other relevant data used
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to calculate MRD (WBC, CD34, or CD117 or the CD133 percentage) were assessed from the
tube used for the MRD calculation in that study.

Analyses of flow cytometric measurements were performed with Infinicyt™ software
(Cytognos, Salamanca, Spain). The LAIPs used in this study and the frequencies of use
are shown in Table S1. Sampling for clinical MRD assessment was done after the second
induction therapy and after hematologic recovery. The percentage of the population with
the primitive marker (necessary for WBC-MRD) therefore approximately reflects bone
marrow (BM) steady state. A retrospective analysis revealed nine patients who had relapsed
at the time of sampling after the second induction. Since these patients were included in all
previously published papers on this dataset, they were not excluded. Furthermore, our
analyses showed that the important PM-MRD and WBC-MRD cut-off values used in the
present study did not change upon exclusion of the nine relapsed samples, i.e., the later
defined cut-off values of 2.34% and 10% for PM-MRD remained exactly the same, as did
the MRD cut-off of 0.1%, while the MRD cut-off of 0.03% changed only slightly (down to
between 0.02% and 0.03%).

The WBC-MRD assessment in the present study was based on the LAIP approach [37].
Gating was performed following strict criteria concerning the forward/side scatter proper-
ties of the LAIP, the expression pattern of CD45, primitive marker (PM) expression (i.e.,
CD34, CD117, and/or CD133), and the expression of a myeloid marker (i.e., CD13, CD33,
and/or HLADR) to exclude aspecificity and non-relevant cell types (extensively described
in Cloos, et al. [23] and Zeijlemaker, et al. [39]). To discriminate between LAIP+ and LAIP-
on cells, their expression levels on lymphocytes were used together with the knowledge
that blasts usually have higher autofluorescence.

Examples of gating of CD34+, CD117+, and CD133+ PM cells, both at diagnosis and
at follow-up, are shown in Figure 1. In a separate analysis, we found that, with a few
exceptions, the maximal background of LAIP expression on progenitors in NBM was <1%,
and for CD133*CD34~ LAIPs, it was <0.2% [40]. For WBC-MRD, the value was <0.02%.
We were thus able to safely use uncorrected LAIP+ values for PM-MRD and WBC-MRD.
CD34 was used in most LAIPs in CD34 positive AML. CD133 was particularly used in
LAIPs in CD34low /neg AML cases. CD133 is a marker of more immature CD34+ cells
and covers about 50% of BM CD34+ cells [41]. We used CD133 because of its very low
background. CD117 may well be able to replace CD133 in most cases. In a larger survey
of 858 patients in several HOVON studies, the CD133+CD34~ LAIP was used 45 times
(5%). In 34 of these cases, a CD117 LAIP could have been used instead, leaving only 12
patients (1.4% of the total patient population) in which the CD133+CD34~ LAIP was the
only option. This shows that in over 98% of cases, CD34 and /or CD117 LAIPs enable the
analysis of WBC-MRD and PM-MRD. We further made an inventory of possible triple
negative (CD34neg/CD133neg/CD117neg) cases in which the definition of progenitor
aberrancies would be impossible. We studied all 858 patients from the whole HOVON
study. The expression cut-off of 1% positivity for CD34 and CD133 defines patients for
whom defining AML-related aberrancies below this cut-off is impossible [42-44]. CD34
negativity was found in 73/858 cases; CD34/CD133 double negativity in 15 out of these 73
CD34 negative cases. In all of these 15 cases, CD117 expression was high (mostly >10%;
3.5% at least). So, in none of the 858 cases did triple negativity occur.

MFC-MRD is used to define residual disease in the classical way (golden standard),
which includes aberrant populations (progenitors + non-progenitors) as a percentage of all
WBC (see Supplementary Text S1 for precise definition).
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Figure 1. Flow cytometric examples of WBC-MRD/PM-MRD. Gating is described in more detail by Cloos, et al. [23] and
Zeijlemaker, et al. [39]. (A) Gating of progenitor populations and LAIPs at the time of diagnosis (diag) in one patient
(patient 1). First panel: WBC in CD45/SSC; first row: gating for CD34 and CD34+ LAIPs; second row: sequential backgating
in CD45dim/SSC and CD34/SSC of the LAIP+ population—this is only shown for this CD34 LAIP, but this sequential
backgating of LAIP+ populations was performed in all cases (so also below for CD117 LAIPs and CD133 LAIPs) in
CD45dim/SSC and PM/SSC and, where necessary, also in FSC/SSC; third row: gating for CD117. (B) Gating on patient 1 at
follow-up (after second induction course). First panel: WBC in CD45/SSC; first row: gating for CD34 and CD34+LAIPs;
second row: sequential backgating in CD45dim/SSC and CD34/SSC of the LAIP+ population—again, this is only shown
for CD34, but was applied for all other follow up samples in (B-E); third row: gating for CD117 and CD117+ LAIPs. (C) The
same data (without backgating) as shown in Figure 1A,B are provided but for another patient with the CD133+/CD34-
LAIP at diagnosis (first row) and at follow-up (second row). LAIP+ percentages in all cases (A—C) reflect the situation after
the extra backgating steps were conducted. (D) Identification of a CD56+ LAIP at follow-up in a patient (patient 3) with no
diagnosed LAIPs. MRD was relatively low (0.08%), but PM-MRD was relatively high (13.8%); these are characteristics of
group IV in Figure 4D. (E) Example of a patient (patient 4) at follow-up with a high PM% (CD117%: 10.9%), and high MRD
(0.77%) but with an intermediate PM-MRD (7.1%); these are characteristics of group V in Figure 4D.

50f 15

In our institute, under MRD conditions, the incorporation of more mature popula-
tions was not found to have major effects on MRD. Only a few patients were differently
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characterized as being MRD positive when more mature cells were included, and therefore
WBC-MRD (AML progenitors/WBC) forms the basis of the current paper. We dissected
WBC-MRD into two components as follows:

1. The “total PM population” (which is the sum of LAIP* AML progenitors and LAIP"
normal progenitors) and is expressed as the percentage of WBC (now referred to as PM %),

2. The contribution of LAIP* AML progenitors to the total (LAIP* + LAIP™) progenitor
compartment. In this paper, this LAIP* compartment is referred to as PM-MRD (which
ranges from a ratio of 0 (0% of cells are LAIP*) to 1.0 (100% of cells are LAIP*). Thus,

PM-MRD = LAIP*-progenitors/ (LAIP* + LAIP~)-progenitors.

The relationship between PM% and PM-MRD is:

WBC-MRD =PM% X PM-MRD.

An example of a calculation is shown in Supplementary Text S1, and examples of flow
cytometry are shown in Figure 1. It should be mentioned that, in this paper, the prognostic
impact of PM-MRD is primarily compared with the optimal prognostic impact of WBC-
MRD using the progenitors used in a previous manuscript detailing the HOVON/SAKK
study H102 data [37]. In practice, this means that, in some cases, WBC-MRD is corrected
for the partial coverage of diagnosis progenitors with LAIP [26]. In this paper, we analyze
the contributions of both components (PM-MRD and PM%) to the prognostic impact
of WBC-MRD.

In survival Kaplan—-Meier analyses, we used event free survival (EFS), which is de-
fined as the time between sampling after complete remission (CR) and the date of re-
lapse/progressive disease or death. Patients with no recorded event were censored at
the date of last follow-up. Kaplan—Meier analyses were performed using the survival R
package. Statistical analyses were performed using SPSS version 22.0 software. Outcomes
between groups were compared using the log-rank test. The MaxStat package of R identi-
fied optimal cut-off point(s) for PM-MRD by calculating the LogRank for every possible
PM-MRD value.

The prognostic values of WBC-MRD (cut-off 0.03% and 0.1%) and PM-MRD (cut-off
2.34% and 10.0%) for EFS were investigated in multivariable models including variables
that were significant in univariate analyses.

3. Results
3.1. Calculation of the PM-MRD Cut-Off Value Compared to WBC-MRD

To determine the prognostic value of PM-MRD, MaxStat statistics was used to define
cut-off levels that can distinguish patients with different EFS. There were two optimal cut-
off values (2.34% and 10%; Figure 2A) that each allowed the identification of two distinct
patient populations with different 5-year EFS (Figure 2B,C). Together, the two cut-off
values thus allowed discrimination among three patient groups with different EFS: 63.6%,
47.2%, 34.3% (Figure 2D). For WBC-MRD, as used in our previous study [37], MaxStat
cut-off values were less pronounced, but a cut-off level of 0.03% was identified. We further
analyzed the ELN consensus cut-off value of 0.1% (Figure 3A). Again, these two WBC-MRD
cut-off values each identified two distinct patient groups (Figure 3B,C). The EFS differences
between the groups were less pronounced compared with PM-MRD: there were three
patient groups with 5-year EFS values of 55.9%, 43.9%, and 37.5% (Figure 3D). Additional
cut-off values, for both PM-MRD and WBC-MRD, did not identify patient groups with
better or worse survival rates that reached significance (groups were too small). Univariate
and multivariate cox regression analyses (Tables S2 and S3) showed that PM-MRD and
WBC-MRD are both independent prognostic factors. Together with Figures 2 and 3, the
data suggest that there is better discrimination between patient sub-groups for PM-MRD.
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Figure 2. Prognostic impacts of different PM-MRD cut-off values. (A) Using the standard Log-Rank
analysis, the optimal cut-off values of 2.34% and 10.0% were determined (X-axis denotes % PM-MRD).
(B) Using the cut-off value of 2.34% allowed the discrimination of two patients groups with different
EFS: 42.6% for PM-MRDPOsitive and 63.6% for PM-MRD"¢82tve (C) For the 10.0% cut-off value, EFS
was 34.3% for PM-MRDPsitive and 54.9% for PM-MRD"®82tve (D) When the two were combined,
three patient groups with different EFS rates were identified: 63.6%, 47.2%, and 34.3%.

Previously we showed that the 0.1% WBC-MRD cut-off value defines patient groups
with different outcomes in different cytogenetic risk groups [38]. Similarly, the use of
both PM-MRD cut-off values allows three patient groups with different survival rates
to be defined, especially within the intermediate HOVON risk group (where MRD may
be used to guide the use of consolidation treatment [15,45]) and in the poor risk group.
(Figure S1A-C). For comparison, WBC-MRD (0.03% and 0.1% cut-off values) is shown in
Figure S1ID-F.

It may be argued that cases of more mature AML may not be suitable for analysis
via the progenitor approach. However, our cohort included 46 mature AML cell patients
(15.3%), classified as French-American—British (FAB) classifications M5 (1 = 38), M6 (n = 6),
or M7 (n = 2), which all had primitive compartments that could be evaluated for LAIP
expression. PM-MRD and WBC-MRD (cut-off values at 10% and 0.1%, respectively)
allowed us to identify patient groups with distinct different EFS (pLogrank = 0.001 and
0.009, respectively) (Figure S2B,D).
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Figure 3. Prognostic impact of different WBC-MRD cut-off values. (A) Using MaxStat analysis,
optimal cut-off values of 0.03% and 0.1% were identified (X-axis denotes % WBC-MRD). In contrast
to PM-MRD, the cut-off points are not that clear, especially for a cut-off value of 0.1%. (B) Using the
cut-off of 0.03%, two patient groups showed an EFS of 40.0% for WBC-MRDpPositive patients and an
EFS of 55.9% for WBC-MRD"82i¢ patients. (C) For the 0.1% cut-off values, these groups showed an
EFS of 37.5% for MRDPsitiVe patients and an EFS of 53.8% for MRD"¢82t"¢ patients. (D) When both
were combined, three patient groups with different EFS were shown: 55.9%, 43.9%, and 37.5%.

3.2. Role of AML/Normal Progenitor Load versus Total Tumor Load

PM-MRD and WBC-MRD both show prognostic value; however, the survival data
only show partial overlap with PM-MRD exhibiting more a favorable prognostic impact
(Figures 2 and 3, Table S3). The only difference between them is the PM% (see Materials and
Methods). Although PM% is a major determinant of the total tumor load (the difference
between the patient with the lowest PM%, <0.01%, and highest PM%, >10%, is a factor
>1000), except for the group with the highest values, i.e., PM% > 3.2%, no correlation with
EFS was found in the univariate analysis (Table S2). In the multivariate analysis (Table S3),
the prognostic impact of WBC-MRD was therefore found to be independent of PM%. To
illustrate this in a more practical way, the whole patient group was divided into sub-groups
with ranges of PM% differing by a factor of 2 (Figure 4A, inset and Figure S3). In line
with the univariate and multivariate analyses, this separation did not result in consistent
differences in EFS between the groups in the Kaplan-Meier analysis (Figure 4A) or the EFS
at 36 months (Figure 4B), except for in the >3.2% PM% group. These results suggest that,
in the equation WBC-MRD = PM% x PM-MRD, the prognostic impact of WBC-MRD likely
originates mainly from the PM-MRD component.
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Figure 4. Role of the percentage of the whole (AML + normal) PM compartment (“PM%”) in the combined prognostic
value of PM-MRD and WBC-MRD. The PM% in the total patient group was subdivided as shown in A (inset). (A) The
Kaplan-Meier analysis showed that there was no consistent difference in EFS between patients in different PM% groups,
except for the group with PM% > 3.2% (lower EFS), but in this group, 4/17 samples were from patients who had already
officially relapsed at the time of sampling. (B) EFS at 36 months in the different PM% groups. No consistent increase
or decrease in EFS was seen with an increasing PM%, except in the PM > 3.2% sub-group. (C) Distribution of PM%
within different PM-MRD regions. Large heterogeneity of PM% was found across the whole range of PM-MRD in the
group of patients as a whole. (D) Relationship between WBC-MRD and PM-MRD. The correlation between PM-MRD
and WBC-MRD was moderate (r = 0.737, p < 0.001). In sub-group IV, (very) low PM percentages (identified by the
different reddish/orange colors) result in (very) low MRD values (because PM-MRD x PM% will be <0.1), despite the high,
prognostically unfavorable PM-MRD values (>10). When no correction of WBC-MRD for LAIP coverage at diagnosis was
applied (so WBC-MRDmot correctedy the results were only altered slightly. This is further explained in Supplementary Text S1.
These results confirm the strength of the prognostic impact of the PM-MRD > 10% group. (E) Analysis of EFS in sub-groups
defined by PM-MRD cut-off values of 2.43% and 10% and by a WBC-MRD cut-off value of 0.1%. Sub-group V is considered
in Texts S1 and S2. The cytogenetic and molecular characteristics of the five subgroups can be found in Table S4.

3.3. Differences in Prognostic Impact between PM-MRD and WBC-MRD

To better understand the prognostic differences between PM-MRD and conventional
WBC-MRD, we plotted their values for all individual patients (Figure 4D). Although,
overall, a correlation (r = 0.737, p < 0.001) was found, there were substantial differences.
The clinically most important consequences for the present application of MRD concern
the prognostic meaning of an (ELN consensus) MRD cut-off value of 0.1%. As shown in
Figure 4D,E, sub-group IV (PM-MRD > 10% (PM-MRDPsitive) /MRD < 0.1% (MRD"e8ative))
and sub-group III (PM-MRD > 10% (PM-MRDPitiVe) /MRD > 0.1% (MRDPsitive) were
shown to have similarly poor prognoses. As a consequence, the present ELN consensus
MRD cut-off value of 0.1% [12] cannot identify patients (n = 23) within compartment IV
as being of poor risk. This shows that the inclusion of the PM% in patients with high
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PM-MRD results in MRD false negatives. This concept of the PM% interfering with the
prognostic impact of the PM-MRD compartment is illustrated schematically in Figure 5
for two patients with the same high PM-MRD but with different (a low and a high) PM%
values. The relationship between PM-MRD and MRD is shown and further analyzed in

more detail in Supplementary Text S2 and Figure S4.

MRD 1

BM:CD34%=3%

Normal CD34+
90% of CD34+ Allother WBCs (97%)
2.7% of total WBC

\
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CD34+
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K PM-MRD= AMLCD34+/(AMLCD34+ plus normal CD34+)=10% (of PM compartment) /

Figure 5. Disturbed relationship between WBC-MRD and PM-MRD. PM-MRD and WBC-MRD positivity in a schematic
example of 2 clinical samples differing in terms of CD34 percentage. In example 1, the AML CD34+ cells (in brown) make
up 10% of the total CD34+ compartment (brown + blue). Here, PM-MRD is thus 10%. Since the BM CD34+ percentage in
this example was chosen to be 3% (of WBC), the AML part of the total WBC population, representing WBC-MRD, was 10%
of 3% = 0.3%. In example 2, the PM-MRD was again 10% (in brown), but since the BM CD34+ percentage (brown + blue) in
this example was 0.1% (of WBC), the AML part of the total WBC population (WBC-MRD) was 10% of 0.1% = 0.01%. These
examples of the most extreme conditions of BM CD34% show that samples 1 and 2 have similar PM-MRD (10% of CD34+
compartment), suggesting that they have similarly poor prognoses (see Figure 2D). On the contrary, sample 1 has a high
WBC-MRD (0.3%), suggesting a poor prognosis, but sample 2 has a low WBC-MRD (0.01%), suggesting a good prognosis.

Lastly, we studied whether it is possible to carry out the PM-MRD approach in a
different-from-normal setting. Figure 1C shows an example of PM-MRD (and WBC-MRD)
in the absence of diagnosed LAIP. In this case, the sample has the characteristics of a group
IV patient, i.e., with high PM-MRD (>10%) but low MRD (<0.1). In a separate data set,
we picked patient data from an arbitrary time period in the HOVON102 study. The files
for these patients were studied by flow cytometrists who blindly (i.e., without knowledge
of diagnosis information that was, however, available for later comparison) evaluated
follow-up samples to identify possible WBC-MRD cases and their corresponding PM-MRD
values (Table S5A). This approach allowed a direct comparison with the “Diagnosis LAIP
approach”, as applied in the clinical study reported in the present paper. We found that all
LAIPs (both as WBC-MRD and as PM-MRD), as “blindly” identified in follow-up testing,
matched the LAIPs found earlier at diagnosis and seen in the follow-up testing in the
clinical study. Moreover, in some cases, extra LAIPs were found (both defining WBC-MRD
and PM-MRD), suggesting that other populations emerged in remission (perhaps reflecting
different “clones”). In another small dataset, examples are shown of follow-up LAIPs (both
WBC-MRD and PM-MRD) identified in the complete absence of diagnosis information
(Table S5B).
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4. Discussion

In almost all studies on MRD in AML, MRD is defined as the number of aberrant
cells as the percentage of WBC, thereby providing a measure of the total tumor load for a
particular patient [5-12]. In this study, we focused on MRD identified using progenitors as
done in the clinical HOVON/SAKK 102 study (n = 300) [36]. We showed that it is not the
total tumor load (WBC-MRD) that accounts for the prognostic impact of MRD, but rather,
the AML part of the total progenitor compartment (PM-MRD). PM-MRD was found to
be a strong independent prognostic factor, capable of defining three patient groups with
different survival rates. Hereby, WBC-MRD and PM-MRD are, by definition, interrelated
through the simple formula WBC-MRD = PM-MRD x PM%, in which PM% is the total
progenitor compartment as a percentage of WBC.

Furthermore, we showed that PM% is a major factor in the (current) WBC-MRD, but
it abrogates the prognostic impact of PM-MRD in some patients by causing an artificially
high MRD (due to high PM%) or an artificially low MRD (due to low PM%), which does
not reflect the true prognostic impact for the patients involved. For the latter group, this
can be most accurately demonstrated for WBC-MRD using the MRD ELN consensus cut-off
value of 0.1%. The PM-MRD group (>10%) with the poorest prognosis not only harbors
high WBC-MRD cases with poor prognosis (>0.1%), but in addition, contains patients
with (very) low WBC-MRD values who also have a poor prognosis. In the clinical setting
these patients represent WBC-MRD false negative patients. The definition of any MRD
cut-off value used to define MRD positivity and MRD negativity for clinical purposes
will comprise such false negativity and false positivity issues and will therefore affect
clinical decisions.

It needs to be emphasized that WBC-MRD, of course, has prognostic value when
comparing the three PM-MRD sub-groups, since with an increasing PM-MRD, the median
WBC-MRD will also increase (WBC-MRD being the product of PM-MRD and PM%). In
our study, most WBC-MRD values were found to be low in the PM-MRD group (<2.34%),
and most WBC-MRD values were high in the poor prognosis PM-MRD group (>10%),
while intermediate values are found in the intermediate PM-MRD group. However, as we
outlined previously, the WBC-MRD levels for individual patients might be skewed by the
PM%, especially at high and low PM% values.

The total tumor load in solid tumors, both before and especially after therapy, has a
direct relationship with patient prognosis [46]. For AML, primitive AML cells (progenitors
and/or stem cells), when expressed as the total load (per WBC), have been shown to have
prognostic impact [36,38,39,47,48]. To our knowledge, the present paper shows, for the
first time, that, in AML, it is not the total tumor burden (WBC-MRD) that is most impor-
tant for clinical outcome but the contribution of AML progenitors to the total progenitor
compartment or, in other words, the balance between tumor and normal progenitor cells.
It is therefore tempting to speculate that, at a certain threshold, the fast growth of acute
leukemic progenitors [32-34], may overrule initial differences in the total tumor load (i.e.,
dividing plus non-dividing AML cells as percentages of WBC).

Apart from this new insight into how to define residual disease, an advantage of the
PM-MRD approach is that it circumvents most subjective elements of MRD identification,
while less experience is required to define CD34+, CD117+, and CD133+ cells and aber-
rancies thereon than to define the extent to which normal bone marrow differentiation
patterns have become aberrant in AML. A final advantage of the PM-MRD approach is
that it circumvents the use of the total progenitor load (PM%, i.e., CD34 and/or CD117
and/or CD133 as a percentage of WBC) and therefore also the WBC load. The uncertainty
of the WBC count, either resulting from the gating procedure of all viable WBC as such,
or hemodilution, or as a result of selective degradation of WBC sub-populations (e.g.,
granulocytes) upon sample storage or transport [22,26] will affect correct WBC-MRD quan-
titation and thus make PM-MRD a potentially more reliable measure for residual disease
quantitation. We have already shown this in a small study where the frequency of MRD
in peripheral blood was much lower than in bone marrow, while the AML fraction of the
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primitive compartment was the same in peripheral blood and bone marrow [35]. It would
be interesting to see whether this can be confirmed using several studies in which bone
marrow MRD and peripheral blood MRD have already been compared [49-52].

As outlined in the Materials and Methods section, in most cases, CD133 may be
replaced by CD117, thereby allowing us to monitor PM-MRD with only CD34 and CD117 as
primitive markers, markers that are used in practice for MRD assessment in most institutes.

We have also shown that the identification of progenitors and aberrancies on it is
possible with a different-from-normal approach, especially when no diagnostic material
is available. In addition, the PM-MRD approach, in comparison with the diagnosis LAIP
approach, allows the identification of new upcoming progenitor populations and therefore
disappearing populations as well [29-31]. The additional advantages of PM-MRD dis-
cussed above may make its use important, especially in multicenter clinical studies aimed
at the refinement of risk assessment, to guide follow-up therapy or for use as a short-term
endpoint for survival. It therefore has to be figured out if more up-to-date aberrancy
identification/quantification strategies are of additional advantage for PM-MRD [53].

Further studies need to be carried out in order to validate the prognostic value model
of PM-MRD. As far as we know, no studies have reported on PM-MRD, but existing
databases may contain the data needed to retrospectively extract PM-MRD, such as WBC-
MRD% and PM% (CD34% or CD117%). If the PM% is not known, or if WBC-MRD contains
more mature populations, a reanalysis of existing data is necessary to define PM-MRD.
It was surprising to find that PM-MRD had prognostic impact in mature AML patients,
since additional markers were thought to be necessary to define MRD (reviewed in [12]).
However, more patients are needed to confirm this finding and to assess whether the
three-group PM-MRD division is present in these cases too. Another recommendation for
additional analysis concerns the PM-MRD region of 2.34-10%/MRD > 0.1% (group V in
Figure 4D). We provide evidence that this group of patients might represent a group with
WBC-MRD false positivity due to its very high PM%. Again, this hypothesis needs to be
confirmed in a larger patient group.

5. Conclusions

In conclusion, PM-MRD reveals the presence of three patient groups with different
prognosis, but, in addition, also showed to represent the only prognostic part of WBC-MRD.
As a first step, the approach to implement PM-MRD > 10% as representative of the poor
prognosis patient group, irrespective of MRD status (i.e., including both patients with
WBC-MRD > 0.1% and patients with WBC-MRD < 0.1%) would circumvent the occurrence
of MRD false negatives in the present ELN-based MRD approach. Subsequently, the
theory that a PM-MRD cut-off value can be used as a single parameter for residual disease
prognostication, as presented in this paper, needs confirmation using retrospective studies
of existing independent external databases and evaluation in parallel to MRD assessment
in the upcoming clinical trials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13112597/s1, Text S1: Rationale behind the equations, Text S2: Prognosis in PM-
MRD subgroups sub-divided based on MRD, Figure S1: PM-MRD and WBC-MRD subdivided by
cytogenetic risk group, Figure 52: PM-MRD in mature AML, Figure S3: PM% disturbs the relationship
between MRD and EFS but not between PM-MRD and EFS, Figure S4: Relationship between WBC-
MRD and PM-MRD in detail, Table S1: Primitive markers and LAIPs in the patient population,
Table S2: Univariate testing of predictors for EFS, Table S3: Multivariate model of EFS in WBC-MRD
and PM-MRD, Table S4: Cytogenetic and molecular characteristics of five WBC-MRD/PM-MRD
combined subgroups, Table S5: Different-from-normal approach versus LAIP approach.

Author Contributions: Conceptualization, G.]J.S.; methodology, D.H., JM.T., AK,, ].C., and G.J.S,;
software, D.H. and ].M.T; validation, D.H., ] M.T., AK,, ].C., and G.]J.S.; formal analysis, D.H. and
J.M.T,; investigation, D.H., JM.T,, GJ.O., AK,, J.C., and G.]J.S.; resources, G.J.O. and G.J.S.; data
curation, D.H. and ].M.T.; writing—original draft preparation, D.H., JM.T,, J.C., and G.J.S.; writing—
review and editing, D.H., ] M.T., GJ.O., AK,, ]J.C.,, and G.J.S,; visualization, D.H., JM.T., and G.J.S.;


https://www.mdpi.com/article/10.3390/cancers13112597/s1
https://www.mdpi.com/article/10.3390/cancers13112597/s1

Cancers 2021, 13, 2597 13 of 15

supervision, ].C. and G.J.S.; project administration, D.H., ]JM.T., and A.K. funding acquisition, G.J.O.,
J.C., and G ].S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Netherlands Cancer Foundation/Alpe d’"HuZes, project,
grant number ALPE-2013-6371.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of Erasmus Medical center,
Rotterdam, The Netherlands (protocol code MEC-2009-293, date of approval 25 January 2010).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the cor-
responding author. The data are not publicly available due to a pending HOVON data sharing policy.

Acknowledgments: The authors thank all participating centers of the Dutch-Belgian Cooperative
Trial Group for Hematology—Oncology (HOVON) and the Swiss Group for Clinical Cancer Research
(SAKK) for providing the original patient samples and the HOVON Data Center for updating clinical
data for the HOVON 102 study:.

Conflicts of Interest: G.J.O.: Research support: Novartis, J&J, Celgene, Becton Dickinson; Consul-
tancy: J&J, Sunesis, Celgene, Roche; Advisory board: Novartis, Pfizer, BMS, J&J, Sunesis, Celgene,
Agios, Amgen, Astellas, Roche, Jazz Pharmaceuticals, Merus. Others declare no conflict of interest.

References

1.

10.
11.

12.

13.

14.

Ivey, A.; Hills, RK.; Simpson, M.A.; Jovanovic, J.V.; Gilkes, A.; Grech, A.; Patel, Y.; Bhudia, N.; Farah, H.; Mason, J.; et al.
Assessment of Minimal Residual Disease in Standard-Risk AML. N. Engl. J. Med. 2016, 374, 422-433. [CrossRef]
Jongen-Lavrencic, M.; Grob, T.; Hanekamp, D.; Kavelaars, F.G.; al Hinai, A.; Zeilemaker, A.; Erpelinck-Verschueren, C.A.J;
Gradowska, P.L.; Meijer, R.; Cloos, ].; et al. Molecular Minimal Residual Disease in Acute Myeloid Leukemia. N. Engl. ]. Med.
2018, 378, 1189-1199. [CrossRef]

Ghannam, J.; Dillon, L.W.; Hourigan, C.S. Next-generation sequencing for measurable residual disease detection in acute myeloid
leukaemia. Br. J. Haematol. 2020, 188, 77-85. [CrossRef]

Walter, R.B.; Appelbaum, F.R. Next-generation sequencing for measuring minimal residual disease in AML. Nat. Rev. Clin. Oncol.
2018, 15, 473-474. [CrossRef] [PubMed]

Venditti, A.; Buccisano, F.; Del Poeta, G.; Maurillo, L.; Tamburini, A.; Cox, C.; Battaglia, A.; Catalano, G.; Del Moro, B.;
Cudillo, L.; et al. Level of minimal residual disease after consolidation therapy predicts outcome in acute myeloid leukemia.
Blood 2000, 96, 3948-3952. [CrossRef] [PubMed]

San Miguel, J.s.F; Vidriales, M.a.B.; Lépez-Berges, C.; Diaz-Mediavilla, ].n.; Gutiérrez, N.; Cafiizo, C.; Ramos, F; Calmuntia, M.a.].;
Pérez, ].J.; Gonzalez, M.; et al. Early immunophenotypical evaluation of minimal residual disease in acute myeloid leukemia
identifies different patient risk groups and may contribute to postinduction treatment stratification. Blood 2001, 98, 1746-1751.
[CrossRef] [PubMed]

Feller, N.; van der Pol, M.A.; van Stijn, A.; Weijers, G.W.D.; Westra, A.H.; Evertse, B.W.; Ossenkoppele, G.J.; Schuurhuis, G.J. MRD
parameters using immunophenotypic detection methods are highly reliable in predicting survival in acute myeloid leukaemia.
Leukemia 2004, 18, 1380-1390. [CrossRef]

Kern, W.; Voskova, D.; Schoch, C.; Hiddemann, W.; Schnittger, S.; Haferlach, T. Determination of relapse risk based on assessment
of minimal residual disease during complete remission by multiparameter flow cytometry in unselected patients with acute
myeloid leukemia. Blood 2004, 104, 3078-3085. [CrossRef]

Buccisano, F.; Hourigan, C.S.; Walter, R.B. The Prognostic Significance of Measurable (“Minimal”) Residual Disease in Acute
Myeloid Leukemia. Curr. Hematol. Malig. Rep. 2017, 12, 547-556. [CrossRef]

Hourigan, C.S.; Gale, R.P,; Walter, R.B. Refining AML outcome prediction. Leukemia 2019, 33, 283-284. [CrossRef]

Short, N.J.; Zhou, S.; Fu, C.; Berry, D.A.; Walter, R.B.; Freeman, S.D.; Hourigan, C.S.; Huang, X.; Nogueras Gonzalez, G.;
Hwang, H.; et al. Association of Measurable Residual Disease with Survival Outcomes in Patients with Acute Myeloid Leukemia:
A Systematic Review and Meta-analysis. JAMA Oncol. 2020, 6, 1890-1899. [CrossRef]

Schuurhuis, G.J.; Heuser, M.; Freeman, S.; Béné, M.-C.; Buccisano, F.; Cloos, J.; Grimwade, D.; Haferlach, T.; Hills, R.K.;
Hourigan, C.S.; et al. Minimal /measurable residual disease in AML: A consensus document from the European LeukemiaNet
MRD Working Party. Blood 2018, 131, 1275-1291. [CrossRef] [PubMed]

Buccisano, E; Dillon, R.; Freeman, S.D.; Venditti, A. Role of Minimal (Measurable) Residual Disease Assessment in Older Patients
with Acute Myeloid Leukemia. Cancers 2018, 10, 215. [CrossRef] [PubMed]

Freeman, S.D.; Virgo, P; Couzens, S.; Grimwade, D.; Russell, N.; Hills, R K.; Burnett, A.K. Prognostic Relevance of Treatment
Response Measured by Flow Cytometric Residual Disease Detection in Older Patients With Acute Myeloid Leukemia. J. Clin.
Oncol. 2013, 31, 4123-4131. [CrossRef] [PubMed]


http://doi.org/10.1056/NEJMoa1507471
http://doi.org/10.1056/NEJMoa1716863
http://doi.org/10.1111/bjh.16362
http://doi.org/10.1038/s41571-018-0040-0
http://www.ncbi.nlm.nih.gov/pubmed/29795270
http://doi.org/10.1182/blood.V96.12.3948
http://www.ncbi.nlm.nih.gov/pubmed/11090082
http://doi.org/10.1182/blood.V98.6.1746
http://www.ncbi.nlm.nih.gov/pubmed/11535507
http://doi.org/10.1038/sj.leu.2403405
http://doi.org/10.1182/blood-2004-03-1036
http://doi.org/10.1007/s11899-017-0420-z
http://doi.org/10.1038/s41375-018-0317-4
http://doi.org/10.1001/jamaoncol.2020.4600
http://doi.org/10.1182/blood-2017-09-801498
http://www.ncbi.nlm.nih.gov/pubmed/29330221
http://doi.org/10.3390/cancers10070215
http://www.ncbi.nlm.nih.gov/pubmed/29949858
http://doi.org/10.1200/JCO.2013.49.1753
http://www.ncbi.nlm.nih.gov/pubmed/24062403

Cancers 2021, 13, 2597 14 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Venditti, A.; Piciocchi, A.; Candoni, A.; Melillo, L.; Calafiore, V.; Cairoli, R.; de Fabritiis, P.; Storti, G.; Salutari, P.; Lanza, F.; et al.
GIMEMA AML1310 trial of risk-adapted, MRD-directed therapy for young adults with newly diagnosed acute myeloid leukemia.
Blood 2019, 134, 935-945. [CrossRef] [PubMed]

Wood, B.L. Acute Myeloid Leukemia Minimal Residual Disease Detection: The Difference from Normal Approach. Curr. Protoc.
Cytom. 2020, 93, e73. [CrossRef]

Ravandi, F.; Walter, R.B.; Freeman, S.D. Evaluating measurable residual disease in acute myeloid leukemia. Blood Adv. 2018,
2,1356-1366. [CrossRef] [PubMed]

Keeney, M.; Halley, ].G.; Rhoads, D.D.; Ansari, M.Q.; Kussick, S.J.; Karlon, W.J.; Mehta, K.U.; Dorfman, D.M.; Linden, M.A.
Marked Variability in Reported Minimal Residual Disease Lower Level of Detection of 4 Hematolymphoid Neoplasms: A Survey
of Participants in the College of American Pathologists Flow Cytometry Proficiency Testing Program. Arch. Pathol. Lab. Med.
2015, 139, 1276-1280. [CrossRef]

Lacombe, E; Campos, L.; Allou, K.; Arnoulet, C.; Delabarthe, A.; Dumezy, E; Feuillard, J.; Genevieve, E; Guérin, E.; Guy, J.; et al.
Prognostic value of multicenter flow cytometry harmonized assessment of minimal residual disease in acute myeloblastic
leukemia. Hematol. Oncol. 2018, 36, 422-428. [CrossRef]

Chen, X.; Wood, B.L. Monitoring minimal residual disease in acute leukemia: Technical challenges and interpretive complexities.
Blood Rev. 2017, 31, 63-75. [CrossRef]

Ravandi, F. Is it time to routinely incorporate MRD into practice? Best Pract. Res. Clin. Haematol. 2018, 31, 396—400. [CrossRef]
Johansson, U.; Bloxham, D.; Couzens, S.; Jesson, J.; Morilla, R.; Erber, W.; Macey, M.; British Committee for Standards in
Haematology. Guidelines on the use of multicolour flow cytometry in the diagnosis of haematological neoplasms. Br. |. Haematol.
2014, 165, 455-488. [CrossRef] [PubMed]

Cloos, J.; Harris, J.R.; Janssen, J.J.W.M.; Kelder, A.; Huang, F; Sijm, G.; Vonk, M.; Snel, A.N.; Scheick, J.R.; Scholten, W.J.; et al.
Comprehensive Protocol to Sample and Process Bone Marrow for Measuring Measurable Residual Disease and Leukemic Stem
Cells in Acute Myeloid Leukemia. J. Vis. Exp. 2018, 56386. [CrossRef]

Kalina, T.; Flores-Montero, J.; van der Velden, V.H.J.; Martin-Ayuso, M.; Bottcher, S.; Ritgen, M.; Almeida, J.; Lhermitte, L.;
Asnafi, V.; Mendonga, A.; et al. EuroFlow standardization of flow cytometer instrument settings and immunophenotyping
protocols. Leukemia 2012, 26, 1986-2010. [CrossRef] [PubMed]

Lacombe, F; Bernal, E.; Bloxham, D.; Couzens, S.; Porta, M.G.D.; Johansson, U.; Kern, W.; Macey, M.; Matthes, T.; Morilla, R.; et al.
Harmonemia: A universal strategy for flow cytometry immunophenotyping—A European LeukemiaNet WP10 study. Leukemia
2016, 30, 1769-1772. [CrossRef] [PubMed]

Schuurhuis, G.J.; Ossenkoppele, G.].; Kelder, A.; Cloos, J. Measurable residual disease in acute myeloid leukemia using flow
cytometry: Approaches for harmonization/standardization. Expert Rev. Hematol. 2018, 11, 921-935. [CrossRef]

Sui, J.-N.; Chen, Q.-S.; Zhang, Y.-X.; Sheng, Y.; Wu, J.; Li, J.-M.; Weng, X.-Q.; Chen, B. Identifying leukemia-associated
immunophenotype-based individualized minimal residual disease in acute myeloid leukemia and its prognostic significance.
Am. ]. Hematol. 2019, 94, 528-538. [CrossRef]

Camburn, A.E.; Petrasich, M.; Ruskova, A.; Chan, G. Myeloblasts in normal bone marrows expressing leukaemia-associated
immunophenotypes. Pathology 2019, 51, 502-506. [CrossRef]

Zeijlemaker, W.; Gratama, ].W.; Schuurhuis, G.J. Tumor heterogeneity makes AML a “moving target” for detection of residual
disease. Cytom. Part B Clin. Cytom. 2014, 86, 3-14. [CrossRef]

Cui, W.; Zhang, D.; Cunningham, M.T,; Tilzer, L. Leukemia-associated aberrant immunophenotype in patients with acute myeloid
leukemia: Changes at refractory disease or first relapse and clinicopathological findings. Int. J. Lab. Hematol. 2014, 36, 636—649.
[CrossRef]

Zhou, Y.; Moon, A.; Hoyle, E.; Fromm, ].R.; Chen, X.; Soma, L.; Salipante, S.J.; Wood, B.L.; Wu, D. Pattern associated leukemia
immunophenotypes and measurable disease detection in acute myeloid leukemia or myelodysplastic syndrome with mutated
NPML1. Cytom. Part B Clin. Cytom. 2019, 96, 67-72. [CrossRef]

Quek, L.; Otto, GW.; Garnett, C.; Lhermitte, L.; Karamitros, D.; Stoilova, B.; Lau, 1J.; Doondeea, ]J.; Usukhbayar, B.;
Kennedy, A.; et al. Genetically distinct leukemic stem cells in human CD34- acute myeloid leukemia are arrested at a hemopoietic
precursor-like stage. J. Exp. Med. 2016, 213, 1513-1535. [CrossRef] [PubMed]

Beghini, A.; Corlazzoli, F.; Del Giacco, L.; Re, M.; Lazzaroni, F; Brioschi, M.; Valentini, G.; Ferrazzi, F.; Ghilardi, A.; Righi, M.; et al.
Regeneration-associated WNT signaling is activated in long-term reconstituting AC133bright acute myeloid leukemia cells.
Neoplasia 2012, 14, 1236-1248. [CrossRef] [PubMed]

Blair, A.; Sutherland, H.J. Primitive acute myeloid leukemia cells with long-term proliferative ability in vitro and in vivo lack
surface expression of c-kit (CD117). Exp. Hematol. 2000, 28, 660-671. [CrossRef]

Terwijn, M.; Kelder, A.; Snel, A.N.; Rutten, A.P,; Scholten, W.J.; Oussoren, Y.J.; Van De Loosdrecht, A.A.; Zweegman, S.;
Ossenkoppele, G.J.; Schuurhuis, G.J. Minimal residual disease detection defined as the malignant fraction of the total primitive
stem cell compartment offers additional prognostic information in acute myeloid leukaemia. Int. J. Lab. Hematol. 2012, 34, 432-441.
[CrossRef] [PubMed]

Lowenberg, B.; Pabst, T.; Maertens, J.; van Norden, Y.; Biemond, B.J.; Schouten, H.C.; Spertini, O.; Vellenga, E.; Graux, C.;
Havelange, V.; et al. Therapeutic value of clofarabine in younger and middle-aged (18-65 years) adults with newly diagnosed
AML. Blood 2017, 129, 1636—1645. [CrossRef]


http://doi.org/10.1182/blood.2018886960
http://www.ncbi.nlm.nih.gov/pubmed/31395600
http://doi.org/10.1002/cpcy.73
http://doi.org/10.1182/bloodadvances.2018016378
http://www.ncbi.nlm.nih.gov/pubmed/29895626
http://doi.org/10.5858/arpa.2014-0543-CP
http://doi.org/10.1002/hon.2488
http://doi.org/10.1016/j.blre.2016.09.006
http://doi.org/10.1016/j.beha.2018.09.013
http://doi.org/10.1111/bjh.12789
http://www.ncbi.nlm.nih.gov/pubmed/24620735
http://doi.org/10.3791/56386
http://doi.org/10.1038/leu.2012.122
http://www.ncbi.nlm.nih.gov/pubmed/22948490
http://doi.org/10.1038/leu.2016.44
http://www.ncbi.nlm.nih.gov/pubmed/26922887
http://doi.org/10.1080/17474086.2018.1549479
http://doi.org/10.1002/ajh.25431
http://doi.org/10.1016/j.pathol.2019.03.010
http://doi.org/10.1002/cytob.21134
http://doi.org/10.1111/ijlh.12193
http://doi.org/10.1002/cyto.b.21744
http://doi.org/10.1084/jem.20151775
http://www.ncbi.nlm.nih.gov/pubmed/27377587
http://doi.org/10.1593/neo.121480
http://www.ncbi.nlm.nih.gov/pubmed/23308055
http://doi.org/10.1016/S0301-472X(00)00155-7
http://doi.org/10.1111/j.1751-553X.2012.01416.x
http://www.ncbi.nlm.nih.gov/pubmed/22471741
http://doi.org/10.1182/blood-2016-10-740613

Cancers 2021, 13, 2597 15 of 15

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Zeijlemaker, W.; Grob, T.; Meijer, R.; Hanekamp, D.; Kelder, A.; Carbaat-Ham, ].C.; Oussoren-Brockhoff, Y.J.M.; Snel, A.N.;
Veldhuizen, D.; Scholten, W.].; et al. CD34(+)CD38(-) leukemic stem cell frequency to predict outcome in acute myeloid leukemia.
Leukemia 2019, 33, 1102-1112. [CrossRef]

Terwijn, M.; van Putten, W.L.; Kelder, A.; van der Velden, V.H.; Brooimans, R.A.; Pabst, T.; Maertens, J.; Boeckx, N.; de Greef, G.E.;
Valk, PJ.; et al. High prognostic impact of flow cytometric minimal residual disease detection in acute myeloid leukemia: Data
from the HOVON/SAKK AML 42A study. J. Clin. Oncol. 2013, 31, 3889-3897. [CrossRef]

Zeijlemaker, W.; Kelder, A.; Cloos, J.; Schuurhuis, G.]. Immunophenotypic Detection of Measurable Residual (Stem Cell) Disease
Using LAIP Approach in Acute Myeloid Leukemia. Curr. Protoc. Cytom. 2019, 91, e66. [CrossRef]

Hanekamp, D.; Bachas, C.; van de Loosdrecht, A.; Ossenkoppele, G.; Cloos, J. Re: Myeloblasts in normal bone marrows expressing
leukaemia-associated immunophenotypes. Pathology 2020, 52, 289-291. [CrossRef]

Vercauteren, S.M.; Sutherland, H.J. CD133 (AC133) expression on AML cells and progenitors. Cytotherapy 2001, 3, 449-459.
[CrossRef]

Pol, M.A.v.d.; Feller, N.; Roseboom, M.; Moshaver, B.; Westra, G.; Broxterman, H.J.; Ossenkoppele, G.]J.; Schuurhuis, G.J.
Assessment of the normal or leukemic nature of CD34+ cells in acute myeloid leukemia with low percentages of CD34 cells.
Huaematologica 2003, 88, 983-993. [CrossRef] [PubMed]

Zeijlemaker, W.; Kelder, A.; Wouters, R.; Valk, P.J.M.; Witte, B.I.; Cloos, J.; Ossenkoppele, G.J.; Schuurhuis, G.J. Absence of
leukaemic CD34+ cells in acute myeloid leukaemia is of high prognostic value: A longstanding controversy deciphered. Br. |.
Haematol. 2015, 171, 227-238. [CrossRef] [PubMed]

Feller, N.; van der Pol, M.A.; Waaijman, T.; Weijers, G.W.D.; Westra, G.; Ossenkoppele, G.J.; Schuurhuis, G.J. Immunologic
Purging of Autologous Peripheral Blood Stem Cell Products Based on CD34 and CD133 Expression Can Be Effectively and Safely
Applied in Half of the Acute Myeloid Leukemia Patients. Clin. Cancer Res. 2005, 11, 4793-4801. [CrossRef]

Ngai, L.L.; Kelder, A.; Janssen, ].].W.M.; Ossenkoppele, G.J.; Cloos, ]. MRD Tailored Therapy in AML: What We Have Learned So
Far. Front. Oncol. 2021, 10. [CrossRef]

Stein, W.D.; Huang, H.; Menefee, M.; Edgerly, M.; Kotz, H.; Dwyer, A,; Yang, J.; Bates, S.E. Other paradigms: Growth rate
constants and tumor burden determined using computed tomography data correlate strongly with the overall survival of patients
with renal cell carcinoma. Cancer J. 2009, 15, 441-447. [CrossRef]

Terwijn, M.; Zeijlemaker, W.; Kelder, A.; Rutten, A.P.; Snel, A.N.; Scholten, W.J.; Pabst, T.; Verhoef, G.; Lowenberg, B.;
Zweegman, S.; et al. Leukemic stem cell frequency: A strong biomarker for clinical outcome in acute myeloid leukemia. PLoS ONE
2014, 9, €107587. [CrossRef]

Bradbury, C.; Houlton, A.E.; Akiki, S.; Gregg, R.; Rindl, M.; Khan, J.; Ward, ].; Khan, N.; Griffiths, M.; Nagra, S.; et al. Prognostic
value of monitoring a candidate immunophenotypic leukaemic stem/progenitor cell population in patients allografted for acute
myeloid leukaemia. Leukemia 2015, 29, 988-991. [CrossRef] [PubMed]

Maurillo, L.; Buccisano, F.; Spagnoli, A.; Del Poeta, G.; Panetta, P.; Neri, B.; Del Principe, M.1.; Mazzone, C.; Consalvo, M.L;
Tamburini, A.; et al. Monitoring of minimal residual disease in adult acute myeloid leukemia using peripheral blood as an
alternative source to bone marrow. Haematologica 2007, 92, 605-611. [CrossRef]

Zeijlemaker, W.; Kelder, A.; Oussoren-Brockhoff, Y.J.; Scholten, W.]J.; Snel, A.N.; Veldhuizen, D.; Cloos, J.; Ossenkoppele, G.J.;
Schuurhuis, G.J. Peripheral blood minimal residual disease may replace bone marrow minimal residual disease as an immunophe-
notypic biomarker for impending relapse in acute myeloid leukemia. Leukemia 2016, 30, 708-715. [CrossRef]

Guénot, C.; Lacombe, E; Allou, K,; Dumezy, F; Feuillard, J.; Genevieve, F.; Guérin, E.; Guy, ].; Maynadié, M.; Ballon, O.W,; et al.
Peripheral blood minimal/measurable residual disease assessed in flow cytometry in acute myeloblastic leukemia. Leukemia
2019, 33, 1814-1816. [CrossRef] [PubMed]

Godwin, C.D.; Zhou, Y.; Othus, M.; Asmuth, M.M.; Shaw, C.M.; Gardner, K.M.; Wood, B.L.; Walter, R.B.; Estey, E.H. Acute
myeloid leukemia measurable residual disease detection by flow cytometry in peripheral blood vs bone marrow. Blood 2021,
137,569-572. [CrossRef] [PubMed]

Lacombe, E; Lechevalier, N.; Vial, J.P.; Béné, M.C. An R-Derived FlowSOM Process to Analyze Unsupervised Clustering of
Normal and Malignant Human Bone Marrow Classical Flow Cytometry Data. Cytom. Part A 2019, 95, 1191-1197. [CrossRef]
[PubMed]


http://doi.org/10.1038/s41375-018-0326-3
http://doi.org/10.1200/JCO.2012.45.9628
http://doi.org/10.1002/cpcy.66
http://doi.org/10.1016/j.pathol.2019.09.021
http://doi.org/10.1080/146532401317248054
http://doi.org/10.3324/%x
http://www.ncbi.nlm.nih.gov/pubmed/12969806
http://doi.org/10.1111/bjh.13572
http://www.ncbi.nlm.nih.gov/pubmed/26104974
http://doi.org/10.1158/1078-0432.CCR-05-0031
http://doi.org/10.3389/fonc.2020.603636
http://doi.org/10.1097/PPO.0b013e3181be1b90
http://doi.org/10.1371/journal.pone.0107587
http://doi.org/10.1038/leu.2014.327
http://www.ncbi.nlm.nih.gov/pubmed/25425198
http://doi.org/10.3324/haematol.10432
http://doi.org/10.1038/leu.2015.255
http://doi.org/10.1038/s41375-019-0393-0
http://www.ncbi.nlm.nih.gov/pubmed/30723257
http://doi.org/10.1182/blood.2020006219
http://www.ncbi.nlm.nih.gov/pubmed/33507294
http://doi.org/10.1002/cyto.a.23897
http://www.ncbi.nlm.nih.gov/pubmed/31577391

	Introduction 
	Materials and Methods 
	Results 
	Calculation of the PM-MRD Cut-Off Value Compared to WBC-MRD 
	Role of AML/Normal Progenitor Load versus Total Tumor Load 
	Differences in Prognostic Impact between PM-MRD and WBC-MRD 

	Discussion 
	Conclusions 
	References

