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Abstract

Background: Multiparametric flow cytometry (MFC) is an essential diagnostic tool in
B acute lymphoblastic leukemia (B ALL) to determine the B-lineage affiliation of the
blast population and to define their complete immunophenotypic profile. Most MFC
strategies used in routine laboratories include leukemia-associated phenotype (LAP)
markers, whose expression profiles can be difficult to interpret. The aim of our study
was to reach a better understanding of 7 LAP markers' landscape in B ALL: CD9,
CD21, CDé6c, CD58, CD81, CD123, and NG2.

Methods: Using a 10-color MFC approach, we evaluated the level of expression of
7 LAP markers including CD9, CD21, CDé6c, CD58, CD81, CD123, and NG2, at the
surface of normal peripheral blood leukocytes (n = 10 healthy donors), of normal pre-
cursor B regenerative cells (n = 40 uninvolved bone marrow samples) and of lympho-
blasts (n = 100 peripheral blood samples or bone marrow samples from B ALL
patients at diagnosis). The expression profile of B lymphoblasts was analyzed accord-
ing the presence or absence of recurrent cytogenetic aberrations. The prognostic
value of the 7 LAP markers was examined using Maxstat R algorithm.

Results: In order to help the interpretation of the MFC data in routine laboratories,
we first determined internal positive and negative populations among normal leuko-
cytes for each of the seven evaluated LAP markers. Second, their profile of expres-
sion was evaluated in normal B cell differentiation in comparison with B
lymphoblasts to establish a synopsis of their expression in normal hematogones.
We then evaluated the frequency of expression of these LAP markers at the surface
of B lymphoblasts at diagnosis of B ALL. CD9 was expressed in 60% of the cases,
CD21 in only 3% of the cases, CD58 in 96% of the cases, CD66c in 45% of the
cases, CD81 in 97% of the cases, CD123 in 72% of the cases, and NG2 in only 2%
of the cases. We confirmed the interest of the CD81/CD58 MFI expression ratio as
a way to discriminate hematogones from lymphoblasts. We observed a significant
lower expression of CD9 and of CD81 at the surface of B lymphoblasts with a
t(9;22)(BCR-ABL) in comparison with B lymphoblasts without any recurrent cytoge-
netic alteration (p = 0.0317 and p = 0.0011, respectively) and with B lymphoblasts
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harboring other cytogenetic recurrent abnormalities (p = 0.0032 and p < 0.0001,
respectively). B lymphoblasts with t(1;19) at diagnosis significantly overexpressed
CD81 when compared with B lymphoblasts with other recurrent cytogenetic
abnormalities or without any recurrent alteration (p = 0.0001). An overexpression
of CD58 was also observed in the cases harboring this abnormal cytogenetic event,
when compared with B lymphoblasts with other recurrent cytogenetic abnormali-
ties (p = 0.030), or without any recurrent alteration (p = 0.0002). In addition, a high
expression of CD123, of CD58 and of CD81 was associated with a favorable prog-
nosis in our cohort of pediatric and young adult B ALL patients. We finally built a
risk score based on the expression of these 3 LAP markers, this scoring approach
being able to split these patients into a high-risk group (17%) and a better outcome
group (83%, p < 0.0001).

Conclusion: The complexity of the phenotypic signature of lymphoblasts at diagnosis
of B ALL is illustrated by the variability in the expression of LAP antigens. Knowledge
of the expression levels of these markers in normal leukocytes and during normal B

differentiation is crucial for an optimal interpretation of diagnostic cytometry results

KEYWORDS

1 | INTRODUCTION

Multiparametric flow cytometry (MFC) is systematically used as a
biological diagnosis tool for B acute lymphoblastic leukemia (B ALL),
generating critical data on maturation arrest, lineage assignment,
phenotypic aberrations, and expression of therapeutic targets by B
lymphoblasts (Bene et al., 1995; De Zen et al., 2000; Hrusak &
Porwit-MacDonald, 2002). The phenotypic portrait of B ALL is
marked by a great complexity with heterogeneity of profiles,
reflected in particular by the expression of leukemia-associated phe-
notype (LAP) markers. These markers can be associated with recur-
rent genetic abnormalities. In addition, they can be relevant for
measurable residual disease (MRD) assessment, with comparable
results to data obtained with molecular methods if an adequate
number of markers are used and a sufficient acquired number of
events is evaluated (Ryan et al., 2009; van Dongen et al., 2012). Two
categories of LAP markers can be found on B ALL blasts popula-
tions. The first category of markers can be evaluated by MFC
through an approach termed “Difference From Normal” (DFN), with
two different sub-kinds of profiles. Tumorous cells can indeed har-
bor asynchronous LAP, corresponding to antigens physiologically
restricted to other stages of B cell differentiation. LAP markers
included in this DFN category can also be both expressed by normal
B precursors and B ALL blasts, but at a significant different level of
expression. Second, B ALL blasts can express the so-called “aberrant
LAP markers,” defined as antigens physiologically expressed by
other lineages than B cells (Cherian & Soma, 2021; Griesinger
et al., 1999). During the biological follow-up of B ALL patients, these

and serves as a basis for the biological follow-up of B ALL.

B-cell acute lymphoblastic leukemia, leukemia associated phenotype, multicolor flow cytometry

LAP markers are essential to allow distinction between normal
regenerating B-cell precursors and B lymphoblasts. However, this
discrimination can be challenging because normal bone marrow
B-cell precursors, also known as hematogones, share many immuno-
phenotypic characteristics with B lymphoblasts. A perfect knowl-
edge of normal immunophenotypic patterns associated with normal
B-cell maturation, normal marrow regeneration, and of the diversity
of the immunophenotypic profiles of B lymphoblast populations is
thus required.

In 2012, the Euroflow consortium published guidelines with stan-
dardized MFC panels for the diagnosis of hematologic malignancies
(van Dongen et al., 2012). The Euroflow strategy dedicated to the
phenotypic evaluation of B ALL blasts are first based on a backbone
for the identification and the gating of the lymphoblast population. It
also relies on characterization markers, sub classification markers,
markers allowing differential diagnosis, markers for the distinction of
lymphoblasts from normal B cells and LAP markers. Documented at
the time of diagnosis, the expression profile of these markers is crucial
for accurate assessment of MRD during the follow-up of B ALL
patients.

The aim of our study was to reach a better understanding of
7 LAP markers' landscape in B ALL of the Euroflow strategy: CD9,
CD21, CDé66c, CD58, CD81, CD123, and NG2. MFC analyses were
performed on bone marrow and peripheral blood samples of a cohort
of 100 de novo B ALL patients diagnosed in our center and of a series
of healthy donors, to determine the level of expression of these
markers in normal peripheral leukocytes, regenerating hematogones

and B lymphoblasts at diagnosis of B ALL.
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2 | METHODS

21 | Samples

We retrospectively re-analyzed MFC data obtained in our routine
from a total of 100 newly-diagnosed patients with B ALL evaluated in
our center during a period of 5 years. Immunophenotypic analysis was
performed in n = 90 fresh bone marrow (90%) and in n = 10 fresh
peripheral blood samples (10%). Patients included 65 children (median
age: 3 years, age range: 1-17 years, n = 27 females, n = 38 males)
and 35 adults (median age: 58 years, age range: 18-82 years, includ-
ing n =5 young adults with age <25 years; n = 18 women, n =17
men, see Table S1 for biological characteristics of the patients). The
diagnosis of B ALL was established according to World Health Organi-
zation (WHO) criteria, including cytologic, immunophenotypic and
genetic/cytogenetic analyses.

Among the 100 patients diagnosed with B ALL, no recurrent
cytogenetic abnormality was observed in n =25 patients (25%). A
hyperdiploid karyotype (>50 chromosomes) was described in n = 24
patients (24%). B lymphoblasts showed a t(12;21)(ETV6/RUNX1) in
n =19 cases (19%), a t(1;19)(PBX1/TCF3) in n =5 cases (5%) or a
t(9;22)(BCR-ABL1) in n = 21 cases (21%). In three patients of the cohort
(3%), a t(v;11923.3) was identified with an unknown KMT2A rearrange-
ment partner for one of these three cases, and respectively correspond-
ing to MLLT3/AF9 and AFF1/AF4 for the other two cases. In addition,
hypodiploidy was described for the remaining three cases (3%).

Cases were also classified in accordance with EGIL (European
Group for the Immunological Characterization of Leukemias) classifi-
cation with the following categories (see Figure S1): | (pro-B: CD10™,
intra-cytoplasmic Igu ™, n = 5 patients, 5%), Il (common: CD10", intra-
cytoplasmic Igu™, n= 67 patients, 67%), Il (pre-B: CD10", intra-
cytoplasmic Igu™, n = 27 patients, 27%), IV (mature: surface g™, n =1
patient, 1%).

To evaluate immunophenotypic profiles of the markers of interest
in the B normal maturation (normal hematogones of type | and type I,
normal mature B lymphocytes), MFC data of 40 bone marrow samples
obtained from 36 of the 100 B ALL patients with negative genetic
MRD were examined.

In parallel, a total of 10 fresh peripheral blood samples obtained
from normal donors (median age: 31 years, age range: 18-66 years)
were evaluated in this study, in order to determine normal mean
fluorescence intensity (MFI) values for the different evaluated markers
in normal circulating B lymphocytes and, if needed, in other normal
leukocytes (granulocytes, monocytes, non-B lymphocytes, depending
on the selected marker) to use them as normal internal control.

This study was approved by the Institutional Review Board (IRB)
of the Montpellier University Hospital (approval number assigned by
the IRB: IRB-MTP_2022_09_202201195).

2.2 | MFC analysis

The expression of 25 markers used in our routine procedures for the
evaluation of B ALL at diagnosis (CD19, CD20, CD22, CD24, Kappa,
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Lambda, CD10, CD38, IgM, intra-cytoplasmic Igu, CD34, nuclear Tdt,
CD13, CD33, CD117, CD15, CDwé5, CD9, CD21, CD58, CDé6c,
CD81, CD123, NG2, and CD45) was evaluated using specific anti-
bodies in four MFC tubes, as defined by the Euroflow strategy and as
previously published (van Dongen et al., 2012). Among these markers,
the expression of Igu and Tdt was evaluated by intracellular staining,
using the Fix and perm®© solutions of the kit GAS-002 (Nordic-
Mubio©, see Tables S2 and S3 for references and design of the
panels). Expression of all remaining markers mentioned above were
evaluated at the surface membrane of the cells.

Flow cytometry data were acquired using a 10-color Canto Il flow
cytometer (Becton Dickinson©) and the FACSDiva© software pro-
gram (Becton Dickinson®©) by collecting 5000-10,000 gated events of
interest. The instrument setup and calibration were in accordance
with the EuroFlow standard operating procedures, including a daily
quality control (van Dongen et al., 2012). To determine the threshold
of positivity of each marker, normal leukocytes were considered as
internal control populations (each normal sub-population of leuko-
cytes was selected depending on previously described profiles in the
literature or determined in this study). A positive expression of each
evaluated marker by populations of interest was defined when at least
20% of the population expressed the marker.

After exclusion of doublets on the FSC-H (forward scatter-height)
versus FSC-A (forward scatter-area) graph and exclusion of cell debris, B
cells (B lymphoblasts, hematogones or normal B lymphocytes, depending
on the sample) were selected in the side scatter versus CD45 graph as
CD19" events. Among CD19" events, B lymphoblasts were selected on
the criteria of expression of immature markers (CD34 and/or Tdt).
Hematogones were identified as events with a typic B immature profile
as previously described (Chantepie et al., 2013; Nagant et al.,, 2018). The
type | of hematogone populations was defined as CD45°", CD19"",
CcD10"e" CD34*, whereas the type Il of hematogones was identified
with a CD45%™ cD19"e", CD10"Y, CD34~ profile.

2.3 | Prognostic study and risk stratification
Analyses were processed with R.2.10.1 and Bioconductor programs.
Univariate and multivariate analysis of markers for patients' survival
was performed using the Cox proportional hazard model. Difference
in overall survival between groups of patients was assayed with a log-
rank test and survival curves plotted using the Kaplan-Meier method
(Maxstat R package) (Kassambara et al., 2012). The risk stratification
score was built using our previously published methodologies
(Alaterre et al., 2022). The risk stratification score is the sum of the
Cox beta-coefficients of CD123, CD58, and CD81 expression,
weighted by +1 if the patient expression value for a given marker is
above or below the Maxstat reference value of this marker.

2.4 | Statistical analysis

The level of expression of the markers was determined as MFI values.
Data were analyzed using Diva Software (Becton Dickinson©) and
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Cytobank (Cytobank©, Santa Clara, CA, United States; http://
cytobank.org). Statistical comparisons were performed using a
Student's t test analysis in GraphPad Prism version 9.0 (GraphPad

Software, San Diego, California, USA, www.graphpad.com).

3 | RESULTS

3.1 | CD9,alLAP marker with an heterogenous
profile of expression during normal B cell maturation
and at the surface of B lymphoblasts at diagnosis

CD9 is a member of the tetraspanin family, with a wide cellular and
tissue distribution, including cells of the nervous central system
(Kaprielian et al., 1995), endothelial cells (lwasaki et al., 2013), and
hematopoietic cells (Reyes et al., 2018). CD9 can contribute to
several major cellular functions as motility or proliferation, due to
the large diversity of its ligands, allowing a multitude of dynamic
interactions, including adhesion molecules or growth factors. In
hematopoietic cells, CD9 contributes to the regulation of different
functions of the immune system and has been described as display-
ing a low expression profile in normal peripheral leukocytes
(Reyes et al., 2018). In contrast with this observation, Tohami et al.
described a significant expression of CD9 at the surface of the
monocytes and of the granulocytes (Tohami et al., 2004). In our
study, the results were in accordance with this last observation: CD9
was highly expressed by monocytes and, at a lower level, by granulo-
cytes. In mature B lymphocytes the level of expression of CD9 was
variable, from a negative to an intermediate level of expression
(Table 1, Figure S2A). Normal non-B lymphocytes and granulocytes
can thus be used in MFC evaluation as negative internal control and
positive internal control, respectively.

During normal B cell maturation, we observed a negative to inter-
mediate expression of CD9 at the stages of hematogones | and II
(Figure 1a). Of note, even if no significant difference was observed,
our results were partially in accordance with data previously published
by Barrena and colleagues, showing that the expression of CD9 was
higher in bone marrow B precursors than in peripheral blood B

lymphocytes (Barrena et al., 2005).

BORIS ET AL

We then analyzed the level of expression of CD9 in our cohort of
100 cases of B ALL at diagnosis. A heterogeneity was observed, 40%
of the cases harboring CD9~ blasts and 60% of cases presenting
CD9Y™ or CD9™ blasts (see Figure S3A). Of note, the expression of
CD9 was globally significantly higher in B lymphoblasts, when com-
pared with type | hematogones (Figure 1a, p = 0.0248). Nevertheless,
there was a confusing overlap of MFI for a majority of cases (about
80% of the cases).

When comparing the different WHO subgroups of B ALL patients
with recurrent cytogenetic abnormalities (see Figure S3B), we
observed a significant higher expression of CD9 at the surface of
hyperdiploid B lymphoblasts in comparison with other subgroups
of recurrent cytogenetic alterations (Figure 1b, p = 0.0032), confirm-
ing the results obtained by Pierzyna-Switala et al. (2021). We also
observed a significant lower expression of CD9 at the surface of B
lymphoblasts with a t(9;22)(BCR-ABL) in comparison with hyper-
diploid B lymphoblasts and with B lymphoblasts without any recurrent
cytogenetic alteration (Figure 1b, p = 0.0020 and p = 0.0317, respec-
tively). In addition, as previously published (Blunck et al., 2019), a
significant lower expression of CD9 was encountered at the surface of
B lymphoblasts harboring a t(12;21) when compared with B lympho-
blasts with other recurrent cytogenetic abnormalities (p = 0.0021), or

without any recurrent alteration (p = 0.0095, Figure S3C).

3.2 | CD21, aLAP marker not expressed during
normal B cell maturation and rarely expressed by B
lymphoblasts at B ALL diagnosis

CD21 is also referred as complement receptor type 2 (CR2). It can
regulate the activation of the complement, contributes to the BCR sig-
naling by an association with CD19 and CD81 and acts as an EBV
receptor. It has been described as expressed by B lymphocytes, T cells
following their activation, thymocytes and follicular dendritic
cells (Roozendaal & Carroll, 2007; Tsoukas & Lambris, 1988; Zabel
et al., 1999). In accordance with these results, we observed that,
among the evaluated leukocytes in normal peripheral blood samples,
CD21 was only expressed by normal B lymphocytes (Table 1,

Figure S2B). These cells can thus be used in MFC evaluation as

TABLE 1 Differential leukemia-associated-phenotype antigen expression in normal peripheral blood leukocytes.

B lymphocytes Other lymphocytes (T + NK cells) Monocytes Granulocytes Basophils
CD9 Negative (—) to Dim + - + (Bright) + NE
CD21 4 = = = NE
CD58 — Negative (—) to Dim + + + NE
CDé66c - - = I NE
CD81 + + + (Dim) Negative (—) to Dim + NE
CD123 = = = = + (Bright)
NG2 - - - - NE

Note: + indicates antigen consistently expressed; +/— indicates antigen expressed in several cases; — indicates antigen consistently negative, NE: not

evaluated.
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FIGURE 1 Alow level of expression of CD9 was observed during normal B cell maturation, whereas it was expressed by half of the cases of
B ALL at diagnosis. (a) A low level of expression of CD9 (MFI) was observed in normal hematogones (types I, n = 35 and I, n = 21) and normal
mature B lymphocytes (n = 32). No significant difference was observed when these sub-populations were compared. The expression of CD9 by B
lymphoblasts at diagnosis (n = 100) was heterogeneous, some of the cases overexpressing this marker in comparison with hematogones. (b) The
level of expression of CD9 in hyperdiploid B lymphoblasts (n = 24) was significantly higher in comparison with B lymphoblasts harboring other
recurrent cytogenetic alterations (n = 30). The level of expression of CD9 in B lymphoblasts harboring a t(9;22) (n = 21) was significantly lower in
comparison with B lymphoblasts with no other recurrent cytogenetic alteration (n = 25) and in comparison with hyperdiploid B lymphoblasts.

[Color figure can be viewed at wileyonlinelibrary.com]

positive internal control, whereas monocytes and granulocytes can be
employed as negative internal control populations.

In contrast with normal mature B cells, CD21 was not expressed
by the two sub-populations of normal hematogones (Figure 2,
p < 0.0001), in accordance with previously published data (Barrena
et al., 2005; Uckun, 1990).

In B lymphoblasts at diagnosis, we observed that only three cases
among the 100 evaluated samples were CD21" (n = 3%, Figure 2),
including one case with a dim expression of CD21 associated to the
presence of a t(12;21)(ETV6/RUNX1) and two cases with a higher
expression of CD21, harboring a t(9;22)(BCR/ABL) (see Table S4 for

biological characteristics of these three patients at diagnosis).

3.3 | CD58, a marker modestly expressed during
normal B cell maturation and frequently found at the
surface of B lymphoblasts at diagnosis of B ALL

CD58, also known as lymphocyte-function adhesion antigen
3 (LFA-3), is a heavily glycosylated member of the immunoglobulin
super family, contributing to key events in immune activation. Its
cellular distribution is very large, including at the surface of the blood
leukocytes. Two isoforms are described: a GPI anchored form and a
type | transmembrane form (Zhang et al., 2021).

In normal peripheral blood samples, we observed that CD58 was
expressed by monocytes and granulocytes, in accordance with

previously published results (Krensky et al., 1983). B lymphocytes
were CD587, whereas the expression of this marker at the surface of
non-B lymphocytes was negative to dim (Table 1, Figure S2C). Normal
B lymphocytes can thus be used in MFC evaluation as negative inter-
nal control population, and monocytes or granulocytes as positive
internal control populations.

When evaluating normal B cell maturation, we confirmed a dim to
positive expression of CD58 by early hematogones, with a gradual
reduction of this level of expression during differentiation to the
mature B cell stage, with a significant difference between hemato-
gones | or Il and B mature lymphocytes (p = 0.0040 and p = 0.0009,
respectively, Figure S4A), as previously observed (Chen et al., 2001;
Don et al,, 2020; Lee et al., 2005).

In our cohort of B ALL at diagnosis, B lymphoblasts were in major-
ity CD58™" (96%). Among positive cases, the level of expression of this
marker was heterogeneous, forming a continuum, from a dim expres-
sion to a high expression (Figure S4B). A significant higher expression
was observed in B lymphoblasts in comparison with hematogones | and
Il (p < 0.0001, Figure S4A), as previously observed (Lee et al., 2005;
Nagant et al., 2018; Veltroni et al., 2003). However, an overlap of MFI
values between 80% of the populations of B lymphoblasts and the
populations of hematogones was reported in our cohort, limiting the
utility of CD58 as an isolated MRD marker in these cases.

When comparing the different WHO subgroups of B ALL patients
with recurrent cytogenetic abnormalities (see Figure S4C), we
observed a significant overexpression of CD58 in cases with
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FIGURE 2 CD21 was not expressed at immatures stages during
normal B cell maturation and was rarely expressed at the surface of B
lymphoblasts at diagnosis. CD21 was not expressed at the surface of
normal hematogones (types |, n = 34 and I, n = 28), in contrast with
B mature lymphocytes (n = 32). Only 3% of the cases of B ALL
diagnosis expressed CD21 at the surface of B lymphoblasts (see the
red frame). [Color figure can be viewed at wileyonlinelibrary.com]

hyperdiploidy (p = 0.0007, Figure S4D), as already known in the liter-
ature (Pierzyna-Switala et al., 2021). In addition, we also observed an
overexpression of this marker in cases with t(1;19) when compared
with B lymphoblasts with other recurrent cytogenetic abnormalities
(p = 0.0300), or without any recurrent alteration (p = 0.0002,
Figure 3), an observation that needs to be confirmed in others cohorts

with a larger number of patients.

34 | CD66c, an aberrant LAP cross-lineage marker
CDé66c, also known as Carcino Embryonic Antigen related Cell
Adhesion Molecule 6 (CEACAMS), is a well described multi-functional
glycoprotein expressed at the surface of epithelia and in normal
hematopoiesis, by granulocytes and their precursors (Boccuni
et al., 1998; Stocks et al., 1996). As a consequence, during MFC evalu-
ation at B ALL diagnosis, granulocytes can be used as positive internal
control, whereas monocytes and normal lymphocytes can be
employed as negative internal control populations (Table 1,
Figure S2D). In addition, CD66c was not expressed by normal hema-
togones (Figure S5A). At diagnosis of B ALL, CD66c has been

BORIS ET AL
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FIGURE 3 CD58 was overexpressed at the surface of B

lymphoblasts harboring a t(1;19). CD58 was overexpressed at the
surface of B lymphoblasts harboring a t(1;19) (n = 5), in comparison
with blasts with other recurrent alterations (n = 70) or without any
recurrent cytogenetic abnormality (n = 25).

considered as being the most frequently aberrant myeloid antigen
present at the surface of B lymphoblasts (Kalina et al., 2005). In our
cohort, CD66c was expressed by 45% of the cases at diagnosis, with
a heterogeneous profile, ranging from a low expression to a very high
expression of this surface marker (Figure S5B).

In addition, when exploring the level of expression of this marker
within the different subgroups of patients with recurrent cytogenetic
abnormality (Figure S5C), our results confirmed previous observations
in favor of an absence of CD66c expression in B lymphoblasts with
t(12;21)(ETV6/RUNX1), in comparison with B lymphoblasts harboring
other recurrent cytogenetic abnormalities (p = 0.0016) or with B lym-
phoblasts without any recurrent cytogenetic alteration (p = 0.0439,
Figure S5D). We also confirmed an overexpression of this marker at
the surface of B lymphoblasts at B ALL diagnosis with t(9;22)(BCR/
ABL) (p =0.0070, Figure S5E), as largely observed previously
(Guillaume et al., 2011; Kiyokawa et al., 2014; Owaidah et al., 2008).

In previous published studies, hyperdiploidy was associated with
expression of CDé6c by B lymphoblasts (Kulis et al., 2022; Pierzyna-
Switala et al., 2021). Among the 24 cases of our cohort with hyperdi-
ploid B lymphoblasts, n = 15 cases were CD66c", whereas n =9
cases were CDé6c™ (see Figure S5C). The level of expression
of CDé6c at the surface of hyperdiploid B lymphoblasts was not sig-
nificantly different when these blasts were compared with B
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lymphoblasts without any cytogenetic alteration or with B lympho-
blasts grouped in the category “other cytogenetic alterations.”

In addition, an absence of expression of CD6é6c was observed in
B lymphoblasts with KMT2A rearrangement. However, our cohort
comprised only three patients with this profile, and this small number
of cases did not allow a statistical study.

3.5 | CD81, a marker highly expressed by
hematogones

CD81, is a member of the tetraspanin family, also known as CVIDé6,
S5.7, TAPA1, or TSPAN28. When combined with other tetraspanins in
membrane microdomains, CD81 allows constitution of dynamic entities
that serve as signaling platforms and contribute to specific immune
functions (Hemler, 2005). Its expression profile is characterized by a
large tissular distribution in hematopoietic and non-hematopoietic
tissues, as already published (Jones et al., 2011; Levy, 2014; Muzzafar
et al., 2009). In normal peripheral blood samples, CD81 is expressed by
B and T lymphocytes and at a lower level by monocytes. In addition,
this surface marker is heterogeneously expressed by granulocytes,
ranging from a negative expression to a dim expression (Table 1,
Figure S2E). T lymphocytes can thus be used in MFC evaluation as a
positive internal control population. Granulocytes can serve as a nega-
tive internal control population. However, it must be taking into
account that a reliable fraction may weakly express this marker.

During normal B cell differentiation (Figure S6A), we confirmed
that CD81 was highly expressed by hematogones and that its expres-
sion was significantly down-regulated in B mature lymphocytes, in
accordance with previous published data (Barrena et al., 2005;
Muzzafar et al., 2009; Nagant et al., 2018). In our cohort of B ALL at
diagnosis, B lymphoblasts were in majority CD81" (97%). Among posi-
tive cases, a heterogeneous level of expression of this marker was
observed, forming a continuum from a dim expression to a high expres-
sion (Figure S6B). A significant higher expression was observed in
hematogones | (p < 0.0001) and Il (p < 0.0001) in comparison with B
lymphoblasts (Figure S6A), as previously observed (Nagant et al., 2018).
However, an overlap of MFI values between 31% of the populations of
B lymphoblasts and of hematogones was reported in our cohort, limit-
ing the interest of CD81 as an isolated MRD marker in these cases.

Considering that the level of expression of CD58 was higher in B
lymphoblasts than in normal hematogones and that, on the contrary,
the level of expression of CD81 was higher in normal hematogones,
Nagant et al. proposed the CD81/CD58 MFI expression ratio as a
way to discriminate these two categories of cells (Nagant et al., 2018).
We applied this ratio on the MFI data obtained from our cohort and
confirmed the interest of this approach, the ratio significantly discrimi-
nating B lymphoblasts from hematogones | (p < 0.0001) and from
hematogones Il (p < 0.0001, Figure 4, Table S5).

When comparing the different WHO subgroups of B ALL patients
with recurrent cytogenetic abnormalities (see Figure S6C), we observed a
significant lower overexpression of CD81 in cases with t(9;22)(BCR-ABL)
in comparison with B lymphoblasts harboring other cytogenetic recurrent
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FIGURE 4 Discrimination of B lymphoblasts from hematogones
through the use of the ratio CD81/CD58 (MFI).

abnormalities (p < 0.0001) or without any recurrent cytogenetic alteration
(p = 0.0011, Figure 5a). Furthermore, we observed an overexpression of
this marker in cases with t(1;19) when compared with B lymphoblasts
with other recurrent cytogenetic abnormalities (p < 0.0001), or without
any recurrent alteration (p = 0.0001, Figure 5b), an observation that
needs to be confirmed with a larger patient population.

3.6 | CD123, a LAP marker not expressed during
normal B cell differentiation

CD123 corresponds to the alpha chain of IL-3 receptor (IL3R) and is
essential for the formation of the high affinity heterodimeric IL3R in
association with the beta subunit. In physiological conditions, it is only
expressed by plasmacytoid dendritic cells, basophils, and eosinophils
(Bras et al., 2019; Han et al., 2008). During MFC evaluation of hema-
topoietic samples at B ALL diagnosis, basophils can thus be used as
positive internal control cells, whereas normal lymphocytes, or granu-
locytes can be employed as negative internal control populations
(Table 1, Figure S2F). During normal B cell maturation, we confirmed
an absence of expression of CD123 at the stages of hematogones |
and Il (Figure S7A) in accordance with data previously published
(Das et al., 2020; Djokic et al., 2009).
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At diagnosis of B ALL, CD123 was expressed by 72% of the
cases, with a heterogeneous profile, ranging from a low expression to
a very high expression of this surface marker (Figure S7B).

When exploring the level of expression of this marker within the dif-
ferent subgroups of patients with recurrent cytogenetic abnormality
(Figure S7C), a higher expression of CD123 was found at the surface of B
lymphoblasts with an hyperdiploidy, in comparison with B lymphoblasts
harboring other recurrent cytogenetic abnormalities (p < 0.0001) or with
B lymphoblasts without any recurrent cytogenetic alteration (p < 0.0001,
Figure S7D), as already observed by other groups (Bras et al., 2019;
Djokic et al., 2009). Of note, the level of expression of CD123 at the sur-
face of B lymphoblasts was significantly higher in samples from children
than in samples obtained from adults (p < 0.0301, Figure S7E), as
described by Bras et al. (2019). Interestingly, B lymphoblasts harboring a
t(1;19) at diagnosis did not express CD123 in our cohort. However, this
observation needs to be confirmed in a larger patient population.

3.7 | NG2,aLAP rarely expressed by B
lymphoblasts at diagnosis

Neuron-Gilia protein 2 (NG2), also known as Chondroitin Sulfate Pro-
teoglycan 4 (CSPG4), is a multivalent transmembrane proteoglycan in
charge of the sequestration of growth factors, signaling molecules or
metalloproteinases and that can facilitate their binding to cell surface
receptors and to the extra-cellular matrix. It has been described as
expressed by different cells of the central nervous system (Trotter
et al, 2010), by muscle and cartilage progenitor cells (Burg et al.,

1999), or by cells of the gastrointestinal tract and of endocrine organs
(Nicolosi et al., 2015). In our study, and in accordance with a previous
published work (Smith et al., 1996), NG2 was not expressed by normal
peripheral leukocytes (Table 1, Figure S2G). Therefore, no category of
normal leukocytes can serve as a positive internal control during MFC
evaluation of hematopoietic samples. In addition, NG2 was not
expressed during normal B cell differentiation (Figure S8A).

In our cohort of 100 patients newly diagnosed with B ALL, only two
cases were identified with lymphoblasts NG2* (2%, Figure S8B), with a
first case harboring a low level of expression of this marker
(MFI = 1128) and, for the second case, a higher level of expression
(MFIl = 6227). In B ALL, the expression of NG2 is known to be associ-
ated with KMT2A rearrangement (Schwartz et al., 2003). In our cohort,
the 2 NG2" cases were carrying this category of abnormality
(@ t(v;11g23.3) with an unknown partner for the first case, and a
t(v;11923.3) with a rearrangement between KMT2A and AFF1 = AF4 for
the second case). Of note, in our cohort a third case harbored a
t(v;11g23.3) with a rearrangement between KMT2A and MLLT3 = AF9,
but the B lymphoblasts corresponding to this case did not express NG2.

3.8 | CD123, CD58, and CD81 expression is
associated with a prognostic value in pediatric and
young adult B ALL patients and could be used for their
risk stratification

We investigated the prognostic value of the 7 LAP markers included
in our flow cytometry panel in the cohort of pediatric B ALL patients

519017 SUOLUWIOD) AR [0t e 8 AQ poueAA a8 SIPIE YO 88N 0 Sa NI 0 AId|1 BUIIUO AB]1A UO (SUOTIPUOD-PUE-SULBIALIOD"AB] 1MW ATe.q][ou|Uo//'SANU) SUO1IPUOD PUE LB | 341 38S *[1202/T0/62] Uo Areiq 1 8uliuo Aa1im “B1ipdiuo N nig Ad £5TZZ G 0M0/Z00T OT/I0p/w00"Ad i ARe.q1PUIUO//SANY OIS POpROJUMOQ ‘0 */G6YZSST


http://wileyonlinelibrary.com

PORIS e A CLINICAL CYTOMETRY RVY 15 53 I

(a) CD123 CD58 CD81

5 2+ ] S T ] s e

E o _| E o n=61 E @

a o % =] 8 S n=63

O © _| o © | Q © |

2 ° n=8 £ ° £-°

S 3 - 68" e 2+

) D n=8 I b=6

2 s 434 8-

>, | P=0.0002 S | P-28E-10 D, | P56ET

g bh—T—T—T T T 71— A ©® T T T T T T g © T T T T T T T 1
0 10 20 30 40 50 60 70 0O 10 20 30 40 50 60 70 0O 10 20 30 40 50 60 70

Time (Months) Time (Months) Time (Months)

(b) Risk stratification score (c) Risk stratification score

T 2 4 T ° -

> - =7 =

= n=57 = n=52

c © _| c o _|

a (=] 8 o

®

$ 21 837

Y S—

c < | c <

o © o =

3 Al n=12 % « n=10

o o 7 o o 7|

8" o | P=5.4E-12 87 - P=2.5E-9

A ° T T T T T T T 1 a © T T T T T T

0O 10 20 30 40 50 60 70

Time (Months)
All the patients

0 10 20 30 40 50 60
Time (Months)

Patients included in the CAALL-FO1

and EORTC 58081 protocols

FIGURE 6 Prognostic value of the expression of CD123, CD58, and CD81 in pediatric and young adult B ALL patients. (a) Using Maxstat R
algorithm, CD123, CD58, and CD81 expression (MFI obtained by MFC evaluation of B lymphoblasts at diagnosis) was associated with significant
prognostic value in pediatric and young adult B ALL patients. High CD123, CD58, and CD81 expression levels were associated with a better
outcome. (b) The prognostic value of CD123, CD58, and CD81 expression determined by MFC at diagnosis (MFI) was used to build a risk score
splitting all pediatric and young adult patients (all protocols of treatment) into a high-risk group (17%) and a better outcome group (83%)

(P = 5.4 x 1072, (c) The risk score was also validated with data of pediatric patient (1-18 years) without Bcr-Alb rearrangement, to exclude
higher-risk patients treated with special protocols. It allowed to split these patients into a high-risk group (16%) and a better outcome group
(84%) (P = 2.5 x 10~7). [Color figure can be viewed at wileyonlinelibrary.com]

and young adults with B ALL (n = 69, see Table S6 for information
about treatment and clinical follow-up). Data from adult patients were
not used in this evaluation, as prognosis is generally very different
between pediatric and adult patient B ALL populations (Liu et al.,
2016). Using Maxstat R algorithm, we identified that CD123, CD58,
and CD81 expression was associated with significant prognostic value
in pediatric and young adult B ALL patients: a better progression free
survival (PFS) was linked with a high CD123, CD58, or CD81 expres-
sion (Figure 6a). The prognostic value of CD123, CD58, and CD81
protein expression was then used to build a risk score. This risk strati-
fication score is defined by the sum of the beta-coefficient derived
from the Cox model for each marker weighted by —1 or +1 according
to the CD123, CD58, and CD81 expression above or below the Max-
stat defined cutpoint (Alaterre et al., 2022; Herviou et al., 2021). Pedi-
atric and young adult B ALL patients of our cohort were ranked

according to increased risk stratification score value and the Maxstat

algorithm was used to define the cutoff associated with the maximum
difference in PFS (Figure 6b). The risk stratification score splits these
patients into a high-risk group (17%) and a better outcome group
(83%, p < 0.0001). Comparing the risk stratification score with hyper-
diploidy, t(9;22) and t(12;21), only the risk stratification score
remained associated with a significant prognostic value (Table S7).
We then investigated the prognostic impact of the score in pediatric
B ALL patients by removing data of patients younger than 1-year old,
older than 18 years old or with a Bcr-Abl rearrangement, to exclude
higher-risk patients treated with special protocols and to limit the bias
associated with these particular populations. Of interest, the score
also presented a significant prognostic value (Figure 6c). Altogether,
these data highlight that CD123, CD58, and CD81 expression can be
used to identify high-risk pediatric and young adult B ALL patients.
When tested in a COX multivariate model, the risk stratification score

remained independent from age and hyperdiploidy (Table S7).
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4 | DISCUSSION

In this study, using MFC, we analyzed the complexity of the LAP sig-
nature of lymphoblasts in a cohort of 100 patients newly diagnosed
with B ALL. For the majority of the LAP markers investigated in this
study, the expression level in normal leukocytes has been previously
described in the literature. Our first goal was to propose a summary
view of internal positive and negative populations among normal leu-
kocytes for each of the seven evaluated LAP markers, in order to help
the interpretation of the MFC data in routine laboratories (Figure 7).

The MFC technique allows to establish an extensive profile of B
lymphoblasts at the time of diagnosis. Some of the expressed markers
can be also found at the surface of normal hematogone subpopula-
tions. Indeed, we and others confirmed an overlap in the expression
of CD9, CD58, and CD81 between normal regenerative B cells and
some B lymphoblasts. As a result, the interpretation of MCF data
during the biological follow-up of B ALL patients can be challenging.
On the other hand, other markers are not expressed by these normal
regenerative B populations, including CD21, CDé6c, CD123, and
NG2. They allow to distinguish the residual blasts from the hemato-
gones during and after treatment of these patients. A good knowledge
of the expression of these markers in normal B populations during
their maturation is thus required for an optimal interpretation of the
MFC results. In this study, we confirmed the different expression
profiles of these LAP markers at the surface of hematogones, in
agreement with the literature data. In addition, we compared them to
B lymphoblasts profiles. These results have been integrated in the
synoptic diagram of the Figure 7, in order to propose a synthetic inter-
pretation tool for routine laboratories. Of note, we confirmed the
interest of the CD81/CD58 MFI expression ratio as a way to discrimi-
nate hematogones from lymphoblasts, as initially published by Nagant
and colleagues in a cohort of 39 B ALL patients (Nagant et al., 2018).

When evaluating the frequency of expression of these LAP
markers at the surface of B lymphoblasts at diagnosis of B ALL, we
observed a heterogeneity in the expression of these molecules.
We could propose three subgroups of markers: markers expressed by
the majority of the cases, markers expressed by approximately half of
the cases and markers rarely expressed. As already known, CD58 and
CD81 were expressed by B lymphoblasts in the vast majority of cases.
CD9, CDé66c, and CD123 were expressed respectively by 60%, 45%,
and 72% of the B ALL cases at diagnosis. CD21 and NG2 were rarely
expressed, respectively by 3% and 2% of the cases of our cohort of B
ALL patients. Of note, CD21 expression has only very rarely been
studied in the context of B ALL diagnosis and to date, the results of
only two cohorts of patients are available (Barrena et al., 2005; Ohki
et al., 2020). Barrena et al. first observed that 100% of the cases in a
group of 12 B ALL patients had an increased expression of CD21. Sec-
ond, Ohki et al. described an expression of CD21 in 5.9% of the cases
in a cohort of 926 patients with B ALL. Our results were more consis-
tent with this second cohort, confirming that CD21 was a rarely
expressed antigen at the surface of B lymphoblasts.

Several genetic aberrations have prognostic significance in the
context of pediatric B ALL, including translocations and chromosome

BORIS ET AL

number abnormalities. A correlation between immunophenotypic pro-
files of LAP markers and certain recurrent cytogenetic abnormalities
has long been established. In this study, we observed new associa-
tions between some cytogenetic recurrent aberrations and some pro-
files of LAP markers. Indeed, we observed a significant lower
expression of CD9 and CD81 at the surface of B lymphoblasts
harboring a t(9;22). In addition, B lymphoblasts with t(1;19) at diagno-
sis significantly overexpressed CD81 and or CD58. These results need
to be confirmed in larger cohorts of patients.

The last part of our study was dedicated to the potential prognos-
tic value of these LAP markers in our cohort of pediatric and young
adult B ALL patients. A high CD123 expression was associated with a
favorable prognosis, in accordance with data published by another
group (Das et al., 2020). However, contradictory results have been
described in other studies (Liu et al., 2019). CD123 is essential for the
formation of the high affinity heterodimeric IL-3 receptor in associa-
tion with the beta subunit (Miyajima et al., 1993). In physiological con-
ditions, it is mainly expressed by plasmacytoid dendritic cells,
basophils, and eosinophils. In hematological malignancies, CD123 is
widely expressed by cancer cells in different entities, including hairy
cell leukemia, acute myeloid leukemias, mastocytosis, or B lymphomas
(Munoz et al., 2001). In B ALL, an overexpression of CD123 is known
to be associated with hyperdiploidy and has been described as a reli-
able MRD marker (Bras et al., 2019). Furthermore, it is a promising
therapeutic target and several strategies have been under evaluation,
including the development of anti-CD123 monoclonal antibodies,
CD3/CD123 bispecific antibodies or chimeric antigen receptor-
modified T cells (CAR T) targeting CD123 in several hematological
malignancies (Testa et al., 2019).

In addition, we also observed that a high expression of CD58 was
associated with a better outcome in accordance with previous results
(Archimbaud et al., 1992). Besides, we identified that a high expression
of CD81 was also associated with a more favorable outcome. We com-
bined the expression of CD123, CD58, and CD81 to build a risk score
for pediatric and young adult patients. This scoring approach allowed
us to split these patients into a high-risk group and a better outcome
group, an observation that needs to be confirmed and validated in
other independent cohorts of B ALL young patients. Of note, since
many years, prognosis evaluation of pediatric B ALL patients have been
based on the results of the genetic evaluation of the B lymphoblasts, as
indicated by the criteria of WHO classification of Haematolymphoid
Tumors. Therefore, this MFC scoring system could be a complementary
tool, giving a first rapid indicative evaluation of prognosis, until the
availability of the genetic results. However, it is again stressed that
these results need to be confirmed in larger studies.

In conclusion, we explored the diversity of 7 LAP markers
evaluated by a MFC approach in the context of diagnosis of B ALL.
Variability of expression of these antigens during normal B cell differ-
entiation, at the surface of normal leukocytes and of B lymphoblasts,
as well as their association to several recurrent cytogenetic abnormali-
ties, create a real complexity of the MFC data. A perfect knowledge of
these markers is thus crucial for an optimal interpretation of MFC

results of B ALL patients.
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FIGURE 7 An overview of the immunophenotypic portrait of leukemia-associated-phenotype markers in normal leukocytes, during normal B
cell differentiation and at diagnosis of B ALL from the results of this study. Created with BioRender.com [Color figure can be viewed at

wileyonlinelibrary.com]

AUTHOR CONTRIBUTIONS

Emilia Boris and Valentin Montagnon participated to the collect of the
data, to the analysis of the data, to the interpretation of the results. Alex-
andre Theron participated to the collection and to the analysis of prog-
nosis data. Nicolas Rouquier was in charge of the analysis of the normal
samples. Marion Almeras participated to the collect of the data. Jéréme
Moreaux participated to the analysis of prognosis data, interpreted the
data and the statistical analysis. Caroline Bret designed and performed
the study, collected the data, performed the data analysis, interpreted
the data and statistical analysis. All authors contributed to the manuscript
writing and approved the final version of the manuscript.

ACKNOWLEDGMENTS

The J. Moreaux research group was supported by grants from Institut
National du Cancer (INCA) PLBIO18-362PIT-MM and PLBIO19 FATidi-
que, PLBIO22 PIC-ASO, ANR-18-CE15-0010-01 PLASMADIFF-3D,
SIRIC Montpellier Cancer (INCa_lnserm_D-GOS_12553), ARC

foundation PGA EpiMM3D, Institut Carnot CALYM, Labex
EpiGenMed, FFRMG (AAP-FFRMG-2021), HORIZON-MISS-2021-
CANCER-02—European research project ELMUMY, INSERM PSCI 2020
Smooth-MM, MUSE LabUM Epigenmed, AAP READYNOV and
Institut Universitaire de France.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

ORCID
Alexandre Theron " https://orcid.org/0000-0001-8793-4903
https://orcid.org/0000-0002-5717-3207

https://orcid.org/0000-0003-4784-2566

Jéréme Moreaux

Caroline Bret

REFERENCES

Alaterre, E., Ovejero, S., Herviou, L., de Boussac, H., Papadopoulos, G.,
Kulis, M., Boireau, S., Robert, N., Requirand, G., Bruyer, A., Cartron G.,

85UB017 SUOWIWOD BAIERID 3|deot|dde au Ag pausenoh a8 sajolie O 88N JO S3|NJ 10} ARG 8UIUO /8|1 UO (SUORIPUOD-PUR-SUR}LID"AB | 1M Afelq 1 jul U0/, SARNY) SUORIPUOD pUe SWB L 83 835 *[7202/T0/62] Uo AriqiTauliuo Ao |im ‘Rijediuo W nig Aq £5T22'G'0140/200T 0T/I0p/L0D" A3 1M AIq 1 BUIIUO//SORY WO.) papeojumoq ‘0 *LS612SST


https://orcid.org/0000-0001-8793-4903
https://orcid.org/0000-0001-8793-4903
https://orcid.org/0000-0002-5717-3207
https://orcid.org/0000-0002-5717-3207
https://orcid.org/0000-0003-4784-2566
https://orcid.org/0000-0003-4784-2566
http://biorender.com
http://wileyonlinelibrary.com

LB RVTESVE CLINICAL CYTOMETRY

Vincent L., Martinez AM., Martin-Subero JI., Cavalli G. & Moreaux
J. (2022). Comprehensive characterization of the epigenetic landscape
in multiple myeloma. Theranostics, 12, 1715-1729.

Archimbaud, E., Thomas, X., Campos, L., Magaud, J. P, Dore, J. F., &
Fiere, D. (1992). Expression of surface adhesion molecules CD54
(ICAM-1) and CD58 (LFA-3) in adult acute leukemia: Relationship with
initial characteristics and prognosis. Leukemia, 6, 265-271.

Barrena, S., Almeida, J., Yunta, M., Lopez, A., Fernandez-Mosteirin, N.,
Giralt, M., Romero, M., Perdiguer, L., Delgado, M., Orfao, A. & Lazo
P. A. (2005). Aberrant expression of tetraspanin molecules in B-cell
chronic lymphoproliferative disorders and its correlation with normal
B-cell maturation. Leukemia, 19, 1376-1383.

Bene, M. C., Castoldi, G., Knapp, W., Ludwig, W. D., Matutes, E.,
Orfao, A., & van't Veer, M. B. (1995). Proposals for the immunological
classification of acute leukemias. European Group for the Immunologi-
cal Characterization of Leukemias (EGIL). Leukemia, 9, 1783-1786.

Blunck, C. B., Terra-Granado, E., Noronha, E. P., Wajnberg, G., Passetti, F.,
Pombo-de-Oliveira, M. S., & Emerenciano, M. (2019). CD9 predicts
ETV6-RUNX1 in childhood B-cell precursor acute lymphoblastic leuke-
mia. Hematology, Transfusion and Cell Therapy, 41, 205-211.

Boccuni, P., Di Noto, R., Lo Pardo, C., Villa, M. R, Ferrara, F., Rotoli, B., &
Del Vecchio, L. (1998). CD6é6c antigen expression is myeloid restricted
in normal bone marrow but is a common feature of CD10+ early-
B-cell malignancies. Tissue Antigens, 52, 1-8.

Bras, A. E., de Haas, V., van Stigt, A., Jongen-Lavrencic, M., Beverloo, H. B.,
Te Marvelde, J. G, Zwaan, C. M., van Dongen, J. J. M,
Leusen, J. H. W., & van der Velden, V. H. J. (2019). CD123 expression
levels in 846 acute leukemia patients based on standardized immuno-
phenotyping. Cytometry. Part B, Clinical Cytometry, 96, 134-142.

Burg, M. A, Pasqualini, R., Arap, W., Ruoslahti, E., & Stallcup, W. B. (1999).
NG2 proteoglycan-binding peptides target tumor neovasculature. Can-
cer Research, 59, 2869-2874.

Chantepie, S. P., Cornet, E., Salaun, V., & Reman, O. (2013). Hematogones:
An overview. Leukemia Research, 37, 1404-1411.

Chen, J. S., Coustan-Smith, E. Suzuki, T., Neale, G. A, Mihara, K,
Pui, C. H., & Campana, D. (2001). Identification of novel markers for
monitoring minimal residual disease in acute lymphoblastic leukemia.
Blood, 97, 2115-2120.

Cherian, S., & Soma, L. A. (2021). How | diagnose minimal/measurable
residual disease in B lymphoblastic leukemia/lymphoma by flow cyto-
metry. American Journal of Clinical Pathology, 155, 38-54.

Das, N., Gupta, R., Gupta, S. K., Bakhshi, S., Malhotra, A,, Rai, S., Singh, S.,
Prajapati, V. K., Sahoo, R. K., Gogia, A.,.Sharma A. & Kumar L. (2020). A
real-world perspective of CD123 expression in acute leukemia as
promising biomarker to predict treatment outcome in B-ALL and AML.
Clinical Lymphoma, Myeloma & Leukemia, 20, e673-e684.

De Zen, L., Orfao, A., Cazzaniga, G., Masiero, L., Cocito, M. G., Spinelli, M.,
Rivolta, A., Biondi, A., Zanesco, L., & Basso, G. (2000). Quantitative
multiparametric immunophenotyping in acute lymphoblastic leukemia:
Correlation with specific genotype. I. ETV6/AML1 ALLs identification.
Leukemia, 14, 1225-1231.

Djokic, M., Bjorklund, E., Blennow, E., Mazur, J., Soderhall, S., & Porwit, A.
(2009). Overexpression of CD123 correlates with the hyperdiploid
genotype in acute lymphoblastic leukemia. Haematologica, 94, 1016-
1019.

Don, M. D,, Lim, W,, Lo, A,, Cox, B., Huang, Q., Kitahara, S., Lopategui, J., &
Alkan, S. (2020). Improved recognition of Hematogones from precur-
sor B-lymphoblastic leukemia by a single tube flow Cytometric analy-
sis. American Journal of Clinical Pathology, 153, 790-798.

Griesinger, F., Piro-Noack, M., Kaib, N., Falk, M., Renziehausen, A,
Troff, C., Grove, D., Schnittger, S., Buchner, T., Ritter, J., Hiddemann
W. & Wérmann B. (1999). Leukaemia-associated immunophenotypes
(LAIP) are observed in 90% of adult and childhood acute lymphoblastic
leukaemia: Detection in remission marrow predicts outcome. British
Journal of Haematology, 105, 241-255.

BORIS ET AL

Guillaume, N., Penther, D., Vaida, I., Gruson, B., Harrivel, V., Claisse, J. F,,
Capiod, J. C., Lefrere, J. J., & Damaj, G. (2011). CDé6¢c expression in
B-cell acute lymphoblastic leukemia: Strength and weakness. Interna-
tional Journal of Laboratory Hematology, 33, 92-96.

Han, X., Jorgensen, J. L., Brahmandam, A., Schlette, E., Huh, Y. O, Shi, Y.,
Awagu, S., & Chen, W. (2008). Immunophenotypic study of basophils
by multiparameter flow cytometry. Archives of Pathology & Laboratory
Medicine, 132, 813-819.

Hemler, M. E. (2005). Tetraspanin functions and associated microdomains.
Nature Reviews. Molecular Cell Biology, 6, 801-811.

Herviou, L., Ovejero, S., Izard, F., Karmous-Gadacha, O., Gourzones, C.,
Bellanger, C., De Smedt, E., Ma, A, Vincent, L., Cartron, G., Jin J., De
Bruyne E., Grimaud C., Julien E & Moreaux J. (2021). Targeting the
methyltransferase SETD8 impairs tumor cell survival and overcomes
drug resistance independently of p53 status in multiple myeloma. Clin
Epigenetics, 13, 174.

Hrusak, O., & Porwit-MacDonald, A. (2002). Antigen expression patterns
reflecting genotype of acute leukemias. Leukemia, 16, 1233-1258.
lwasaki, T. Takeda, Y. Maruyama, K., Yokosaki, Y., Tsujino, K,

Tetsumoto, S., Kuhara, H., Nakanishi, K., Otani, Y., Jin, Y., Kohmo S.,
Hirata H., Takahashi R., Suzuki M., Inoue K., Nagatomo I.,, Goya
S., Kijima T., Kumagai T., Tachibana I., Kawase I. & Kumanogoh A.
(2013). Deletion of tetraspanin CD9 diminishes lymphangiogenesis
in vivo and in vitro. The Journal of Biological Chemistry, 288,

2118-2131.

Jones, E. L., Demaria, M. C., & Wright, M. D. (2011). Tetraspanins in
cellular immunity. Biochemical Society Transactions, 39, 506-511.

Kalina, T., Vaskova, M., Mejstrikova, E., Madzo, J., Trka, J., Stary, J., &
Hrusak, O. (2005). Myeloid antigens in childhood lymphoblastic leuke-
mia: Clinical data point to regulation of CDéé6c distinct from other
myeloid antigens. BMC Cancer, 5, 38.

Kaprielian, Z., Cho, K. O., Hadjiargyrou, M., & Patterson, P. H. (1995). CD9,
a major platelet cell surface glycoprotein, is a ROCA antigen and is
expressed in the nervous system. The Journal of Neuroscience, 15,
562-573.

Kassambara, A., Hose, D., Moreaux, J., Walker, B. A., Protopopov, A,
Reme, T., Pellestor, F., Pantesco, V., Jauch, A., Morgan, G., Gold-
schmidt H. & Klein B. (2012). Genes with a spike expression are clus-
tered in chromosome (sub)bands and spike (sub)bands have a powerful
prognostic value in patients with multiple myeloma. Haematologica,
97, 622-630.

Kiyokawa, N., lijima, K., Tomita, O., Miharu, M. Hasegawa, D.,
Kobayashi, K., Okita, H., Kajiwara, M., Shimada, H., Inukai, T., Maki-
moto A., Fukushima T., Nanmoku T., Koh K., Manabe A., Kikuchi A,
Sugita K., Fujimoto J., Hayashi Y. & Ohara A. (2014). Significance of
CDé66c expression in childhood acute lymphoblastic leukemia. Leuke-
mia Research, 38, 42-48.

Krensky, A. M., Sanchez-Madrid, F., Robbins, E., Nagy, J. A,
Springer, T. A., & Burakoff, S. J. (1983). The functional significance, dis-
tribution, and structure of LFA-1, LFA-2, and LFA-3: Cell surface anti-
gens associated with CTL-target interactions. Journal of Immunology,
131, 611-616.

Kulis, J., Wawrowski, L., Sedek, L., Wrobel, L., Slota, L., van der
Velden, V. H. J., Szczepanski, T., & Sikora, M. (2022). Machine learning
based analysis of relations between antigen expression and genetic
aberrations in childhood B-cell precursor acute lymphoblastic leukae-
mia. Journal of Clinical Medicine, 11, 11.

Lee, R. V., Braylan, R. C., & Rimsza, L. M. (2005). CD58 expression decreases
as nonmalignant B cells mature in bone marrow and is frequently overex-
pressed in adult and pediatric precursor B-cell acute lymphoblastic leuke-
mia. American Journal of Clinical Pathology, 123, 119-124.

Levy, S. (2014). Function of the tetraspanin molecule CD81 in B and T
cells. Immunologic Research, 58, 179-185.

Liu, J., Tan, X,, Ma, Y. Y., Liu, Y., Gao, L., Gao, L., Kong, P., Peng, X. G,
Zhang, X., & Zhang, C. (2019). Study on the prognostic value of

519017 SUOLUWIOD) AR [0t e 8 AQ poueAA a8 SIPIE YO 88N 0 Sa NI 0 AId|1 BUIIUO AB]1A UO (SUOTIPUOD-PUE-SULBIALIOD"AB] 1MW ATe.q][ou|Uo//'SANU) SUO1IPUOD PUE LB | 341 38S *[1202/T0/62] Uo Areiq 1 8uliuo Aa1im “B1ipdiuo N nig Ad £5TZZ G 0M0/Z00T OT/I0p/w00"Ad i ARe.q1PUIUO//SANY OIS POpROJUMOQ ‘0 */G6YZSST



BORIS ET AL.

aberrant antigen in patients with acute B lymphocytic leukemia. Clini-
cal Lymphoma, Myeloma & Leukemia, 19, e349-e358.

Liu, Y. F., Wang, B. Y., Zhang, W. N., Huang, J. Y., Li, B. S., Zhang, M,, Jiang, L.,
Li, J. F, Wang, M. J,, Dai, Y. J,, et al. (2016). Genomic profiling of adult and
pediatric B-cell acute lymphoblastic leukemia. eBioMedicine, 8, 173-183.

Miyajima, A., Mui, A. L., Ogorochi, T., & Sakamaki, K. (1993). Receptors for
granulocyte-macrophage colony-stimulating factor, interleukin-3, and
interleukin-5. Blood, 82, 1960-1974.

Munoz, L., Nomdedeu, J. F., Lopez, O. Carnicer, M. J., Bellido, M.,
Aventin, A, Brunet, S., & Sierra, J. (2001). Interleukin-3 receptor alpha
chain (CD123) is widely expressed in hematologic malignancies.
Haematologica, 86, 1261-1269.

Muzzafar, T., Medeiros, L. J, Wang, S. A, Brahmandam, A,
Thomas, D. A., & Jorgensen, J. L. (2009). Aberrant underexpression of
CD81 in precursor B-cell acute lymphoblastic leukemia: Utility in
detection of minimal residual disease by flow cytometry. American
Journal of Clinical Pathology, 132, 692-698.

Nagant, C., Casula, D., Janssens, A., Nguyen, V. T. P., & Cantinieaux, B.
(2018). Easy discrimination of hematogones from lymphoblasts in
B-cell progenitor acute lymphoblastic leukemia patients using
CD81/CD58 expression ratio. International Journal of Laboratory
Hematology, 40, 734-739.

Nicolosi, P. A., Dallatomasina, A., & Perris, R. (2015). Theranostic impact of
NG2/CSPG4 proteoglycan in cancer. Theranostics, 5, 530-544.

Ohki, K., Takahashi, H., Fukushima, T., Nanmoku, T., Kusano, S., Mori, M.,
Nakazawa, Y., Yuza, Y., Migita, M., Okuno, H., Morimoto A., Yoshino
H., Kato M., Hayashi Y., Manabe A., Ohara A., Hasegawa D., Inukai T.,
Tomizawa D., Koh K. & Kiyokawa N. (2020). Impact of immunopheno-
typic characteristics on genetic subgrouping in childhood acute lym-
phoblastic leukemia: Tokyo Children's Cancer Study Group (TCCSG)
study LO4-16. Genes, Chromosomes & Cancer, 59, 551-561.

Owaidah, T. M,, Rawas, F. I, Al Khayatt, M. F., & Elkum, N. B. (2008).
Expression of CD66c and CD25 in acute lymphoblastic leukemia as a
predictor of the presence of BCR/ABL rearrangement. Hematolo-
gy/Oncology and Stem Cell Therapy, 1, 34-37.

Pierzyna-Switala, M., Sedek, L., Kulis, J., Mazur, B., Muszynska-
Roslan, K., Koltan, A., Woszczyk, M., Niedzwiecki, M., Mizia-
Malarz, A., Karolczyk, G., Lejman M., Trelinska J., Badowska W.,
Derwich K., Ociepa T., Malinowska I., Kazanowska B., Kowalczyk
J & Szczepanski T. (2021). Multicolor flow cytometry immunophe-
notyping and characterization of aneuploidy in pediatric B-cell
precursor acute lymphoblastic leukemia. Central European Journal of
Immunology, 46, 365-374.

Reyes, R., Cardenes, B., Machado-Pineda, Y., & Cabanas, C. (2018). Tetra-
spanin CD9: A key regulator of cell adhesion in the immune system.
Frontiers in Immunology, 9, 863.

Roozendaal, R., & Carroll, M. C. (2007). Complement receptors CD21 and
CD35 in humoral immunity. Immunological Reviews, 219, 157-166.
Ryan, J., Quinn, F., Meunier, A., Boublikova, L., Crampe, M., Tewari, P.,
O'Marcaigh, A., Stallings, R., Neat, M., O'Meara, A., Breatnach F.,
McCann S., Browne P., Smith O. & Lawler M. (2009). Minimal residual
disease detection in childhood acute lymphoblastic leukaemia patients
at multiple time-points reveals high levels of concordance between
molecular and immunophenotypic approaches. British Journal of Hae-

matology, 144, 107-115.

Schwartz, S., Rieder, H., Schlager, B., Burmeister, T., Fischer, L., & Thiel, E.
(2003). Expression of the human homologue of rat NG2 in adult acute
lymphoblastic leukemia: Close association with MLL rearrangement

CLINICAL CYTOMETRY RV vl e

and a CD10(-)/CD24(—)/CDé65s(+)/CD15(+) B-cell phenotype.
Leukemia, 17, 1589-1595.

Smith, F. O., Rauch, C., Williams, D. E., March, C. J., Arthur, D., Hilden, J.,
Lampkin, B. C., Buckley, J. D., Buckley, C. V., Woods, W. G., Dinndorf
PA., Sorensen P., Kersey J., Hammond D. & Bernstein ID. (1996). The
human homologue of rat NG2, a chondroitin sulfate proteoglycan, is
not expressed on the cell surface of normal hematopoietic cells but
is expressed by acute myeloid leukemia blasts from poor-prognosis
patients with abnormalities of chromosome band 11q23. Blood, 87,
1123-1133.

Stocks, S. C., Ruchaud-Sparagano, M. H., Kerr, M. A, Grunert, F., Haslett, C., &
Dransfield, 1. (1996). CDé6: Role in the regulation of neutrophil effector
function. European Journal of Immunology, 26, 2924-2932.

Testa, U., Pelosi, E., & Castelli, G. (2019). CD123 as a therapeutic target in
the treatment of hematological malignancies. Cancers (Basel), 11, 11.

Tohami, T., Drucker, L., Radnay, J., Shapira, H., & Lishner, M. (2004). Expres-
sion of tetraspanins in peripheral blood leukocytes: A comparison
between normal and infectious conditions. Tissue Antigens, 64, 235-242.

Trotter, J., Karram, K., & Nishiyama, A. (2010). NG2 cells: Properties, prog-
eny and origin. Brain Research Reviews, 63, 72-82.

Tsoukas, C. D., & Lambris, J. D. (1988). Expression of CR2/EBV receptors
on human thymocytes detected by monoclonal antibodies. European
Journal of Immunology, 18, 1299-1302.

Uckun, F. M. (1990). Regulation of human B-cell ontogeny. Blood, 76,
1908-1923.

van Dongen, J. J., Lhermitte, L., Bottcher, S., Almeida, J., van der
Velden, V. H., Flores-Montero, J.,, Rawstron, A., Asnafi, V.,
Lecrevisse, Q., Lucio, P., Mejstrikova E., Szczepanski T., Kalina T., de
Tute R., Briggemann M., Sedek L., Cullen M., Langerak AW.,,
Mendonca A, Orfao A. (2012). EuroFlow antibody panels for
standardized n-dimensional flow cytometric immunophenotyping of
normal, reactive and malignant leukocytes. Leukemia, 26, 1908-1975.

Veltroni, M., De Zen, L., Sanzari, M. C., Maglia, O., Dworzak, M. N.,
Ratei, R., Biondi, A., Basso, G., & Gaipa, G. (2003). Expression of CD58
in normal, regenerating and leukemic bone marrow B cells: Implica-
tions for the detection of minimal residual disease in acute lympho-
cytic leukemia. Haematologica, 88, 1245-1252.

Zabel, M. D., Weis, J. J., & Weis, J. H. (1999). Lymphoid transcription of
the murine CD21 gene is positively regulated by histone acetylation.
Journal of Immunology, 163, 2697-2703.

Zhang, Y., Liu, Q, Yang, S., & Liao, Q. (2021). CD58 Immunobiology at a
glance. Frontiers in Immunology, 12, 705260.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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