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ARTICLE INFO ABSTRACT

Flow cytometry immunophenotyping is essential for diagnosis, classification and monitoring of clonal hema-
topoietic diseases, particularly of hematological malignancies and primary immunodeficiencies. Optimal use of
immunophenotyping for these purposes requires detailed knowledge about the phenotypic patterns of normal
hematopoietic cells.

In the past few decades, flow cytometry has benefited from technological developments allowing simulta-
neous analysis of multiple antigen stainings with >3-35 distinct fluorochrome-conjugated antibodies for in-
creasingly higher numbers of cells. These advances have contributed to expand our knowledge about the phe-
notypic differentiation profiles of normal hematopoietic cells, from uncommitted CD34* precursors in the bone
marrow (BM) and peripheral blood (PB), to the several hundreds of populations of circulating myeloid and (B
and T) lymphoid cells identified so far. Detailed dissection of the normal phenotypic profiles of hematopoietic
cells has settled the basis for identification of aberrant phenotypes on leukemia and lymphoma cells. Thus, it has
contributed to: i) more sensitive identification of leukemia/lymphoma cells (especially when represented at low
frequencies in a sample), and ii) more accurate classification of hematological malignancies. In this manuscript,
we review the major phenotypic features of hematopoietic cells, from the more immature BM CD34 " precursors
committed to the myeloid and lymphoid lineages toward mature hematopoietic cells circulating in PB (e.g.
neutrophils, monocytes, basophils, eosinophils, dendritic cells, erythroid cells, and B- and T-cells) and those
homing to other tissues (e.g. plasma cells, mast cells).
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1. Introduction

Since the earliest immunophenotypic studies (Loken et al., 1987a;
Loken et al., 1987b), important advances have been achieved on our
understanding of the immunophenotypic patterns of normal hemato-
poietic cells in BM, PB and to a lesser extent also, in lymph nodes and
other lymphoid tissues. To a large extent these advances have been
linked to the introduction and use of multiparameter flow cytometry
(MFC) immunophenotyping, which allows simultaneous quantitative
analysis of multiple features of hundreds to millions of individual cells
in a relatively short time (Orfao et al., 1999). Currently available digital
flow cytometers have incorporated multiple innovations by assembling
additional lasers and adapted innovative detectors and optical config-
urations into instruments containing improved fluidics and up-to-date
(sensitive and fast) electronics (Chattopadhyay et al., 2014). The de-
velopment of new fluorochromes (Chattopadhyay and Roederer, 2012)

and spectral detectors has further expanded the analytical potential of
flow cytometry instruments (Chattopadhyay and Roederer, 2012;
Flores-Montero et al., 2017; Theunissen et al., 2017a). Simultaneous
assessment of multiple (e.g. =8-color) stainings in a sample aliquot
based on comprehensive antibody combinations, significantly reduces
the volume of sample required and the burden of sample preparation
work and data acquisition time, compared to conventional multiple-
sample aliquot stainings. Altogether, these advances have contributed
to more precise i) identification and characterization of the distinct cell
populations coexisting in a sample, ii) establishment of the precise re-
lationship among them and, iii) discrimination between normal and
tumor maturation pathways. In addition, ex vivo flow cytometry-based
phenotypic studies of human hematopoiesis have also contributed to
highlight and delineate differences with well-established in vitro and
animal models. This has further contributed to a better understanding
of the normal vs. altered phenotypic patterns of differentiation of
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human myeloid and lymphoid cells, and their fluctuations during life
(Mello et al., 2017; Westers et al., 2017; Theunissen et al., 2017b;
Blanco et al., 2018). Finally, flow cytometric analysis of normal he-
matopoietic cells have contributed to highlight the tight regulation of
protein expression levels that single cells are subjected to during their
maturation (Loken et al., 1987a; Loken et al., 1987b; Blanco et al.,
2018).

Despite the multiple advantages of multicolor flow cytometry, si-
multaneous evaluation of multiple markers in a single flow cytometry
measurement is also associated with greater technical complexity due
to e.g. more complex fluorochrome compensation and data set matrices.
Thereby, novel multivariate data analysis algorithms and graphical
tools had to be developed and implemented in flow cytometry software
programs (Pedreira et al., 2013; Kalina et al., 2012; van Dongen et al.,
2012). In parallel, reference databases of well-defined samples/cases
have also been constructed for fast automated gating of the many dis-
tinct cell populations contained in a flow cytometry data file (Flores-
Montero et al., 2017; Pedreira et al., 2013; Lhermitte et al., 2018;
Pedreira, 2012), further extending the need for new data visualization
tools. Of note, such new graphics and graphical scale representations
(linear vs. log vs. biexponential scales) are just visualization tools that
do not affect the original data, e.g. they are used for data representation
without modifying the actually measured values.

Here, we review the phenotypic characteristics of normal hemato-
poietic precursors and maturing cells of distinct lineages, based on their
immunophenotypic profiles in primary human BM, PB and, to a lesser
extent also the thymus and secondary lymphoid tissues (e.g. lymph
nodes and/or spleen). Furthermore, we highlight the impact of these
studies on the identification and characterization of altered phenotypic
profiles associated with clonal hematological disorders and primary
immunodeficiencies. Despite the markers here mentioned are based to a
large extent on EuroFlow panels designed for identification and char-
acterization of the distinct hematopoietic cell compartments (van
Dongen et al., 2012), other alternative marker combinations might also
be used.

2. Immunophenotypic features of CD34 " hematopoietic stem cells
and other CD34* precursors in BM and PB

Overall, two main compartments of CD34™" cells are detected in
normal human BM: i) a major population of CD34 " hematopoietic stem
and precursor cells (HPC) lacking CD73 expression and, ii) a minor
population of endothelial cells with a CD34* CD10~ CD73" and
CD81M phenotype (Smadja et al., 2007; Angelos et al, 2018)
(Fig. 1A—C). CD34" HPC only represent a minor proportion (around
1%) of all BM nucleated cells. This compartment includes both CD34*
uncommitted precursors and CD34* precursors with phenotypic evi-
dence of early commitment toward distinct myeloid and lymphoid cell
lineages (Matarraz et al., 2008) (Fig. 1D). Although the vast majority of
CD34" HPC reside in BM, a minor fraction of (mostly uncommitted)
CD34%* HPC circulate in PB (< 0.1%) (Matarraz et al., 2018). From
there, they migrate into BM niches in order to maintain homeostatic
HPC levels across the entire organism. Of note, most normal CD34*
cells in PB show an immature phenotype and only a minority of them
display phenotypic evidence of commitment toward different myeloid
and lymphoid cell lineages (Mayado et al., 2018). Briefly, these include
CD34% precursors committed to: the mast cell (i.e. CD45™ CD34*
CD117"% HLA-DR ™" CD203c™) and neutrophil lineages (CD45'%/nt
CD34% CD117% HLA-DR™ cyMPO™ nuTdT~ CD197), plasmacytoid
and other dendritic cell compartments (pDC; CD45™ CD34* CD117*
CD123™M HLADRM™ CD203c~ and CD100*) and the B-lymphoid
lineage (CD45'™ CD34" CD117~ HLA-DR™ CD19% nuTdT*)
(Mayado et al., 2018; Collin and Bigley, 2018).

In contrast to PB CD34* HPC, uncommitted CD34* cells only re-
present < 10% of all CD34™* cells in BM (Table 1). These uncommitted
BM CD34* HPC show a CD34™ CD38"° CD71' HLADR® CD117*
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CD133" CD33* and CD13™ phenotype, in the absence of other lym-
phoid-associated (e.g. CD19~ CD7~ CD56 nuTdT ™) and myeloid-re-
lated markers -e.g. cytoplasmic (cy)MPO~, eosinophil peroxidase
(cyEPO ™), CD11b~ CD15~ CD16~ CD35  CD36  CD41~ CD42a"
CD61~ CD64~ CD71 CD105~ CD123!° CD203c¢™ (Matarraz et al.,
2008; Matarraz et al., 2010). Subsequent maturation of uncommitted
precursors into different hematopoietic cell lineages is associated with
expression of unique phenotypic patterns (characteristic for the mye-
loid and lymphoid lineages) as summarized in Table 1. Hence, > 90%
of all BM CD34" HPC show phenotypic traits of differentiation
(Matarraz et al., 2008; Matarraz et al., 2010). Maturation engagement
of HPC in normal adult BM predominantly involves the erythroid
(CD34* CD105* CD36%), neutrophil (CD34* cyMPO™), and B-lym-
phoid lineages (CD34 ™ nuTdT ") with a median of 35%, 33% and 23%
of all CD34* hematopoietic cells, respectively (Matarraz et al., 2008;
Matarraz et al., 2010) (Table 1).

Previous in vitro and in vivo (animal model) experiments based on
relatively limited number of markers, have identified up to seven
functionally distinct compartments of BM hematopoietic stem cells and
multipotent progenitors, that also include CD34~/"°" cell fractions
(Oguro et al., 2013). These consist of: i) multipotent uncommitted
precursors (i.e. CD34" CD10~ CD38~ CD90~ CD45RA ™), ii) common-
myeloid precursors (CD34* CD10~ CD38% CD123™ CD45RA ™), and
also iii) lymphoid precursors (CD34" CD107"), including iv) early
lymphoid committed progenitors (CD34" CD10~ CD38~ CD90~
CD45RA* and, v) erythroid/megakaryocytic precursors (CD34%
CD10~ CD38" CD123~ CD45RA ™) (Oguro et al., 2013; Goardon et al.,
2011; Majeti et al., 2007; Manz et al., 2002; Busch et al., 2015).

Further commitment of BM CD34" precursors to the erythroid
lineage is associated with early expression of endoglin (CD105), CD35
(complement receptor-1; CR-1), CD44 (Laranjeira et al., 2015), and the
thrombospondin receptor (CD36) (Fig. 1D-E). This is followed by an
increase in cell surface membrane expression of the transferrin receptor
(CD71) and glycophorin A (CD235a) (Westers et al., 2017; Matarraz
et al., 2008; Matarraz et al., 2010; Laranjeira et al., 2015; Machherndl-
Spandl et al., 2013) (Table 1). In turn, differentiation of CD34™" cells
toward the neutrophil lineage is associated with progressively higher
expression of cyMPO'™ (Fig. 1E) CD13*/M and CD33*/M (Fig. 2B),
followed by acquisition of CD15~/* and CD65 /. In parallel, early
neutrophil precursors, sequentially downregulate CD34, CD117 and
HLADR, associated with a slight decrease of CD45 levels (Fig. 2B)
(Matarraz et al., 2008; Matarraz et al., 2010). More mature neutrophil
precursors display an increase in their cytoplasmic complexity, as re-
flected by gradually increased sideward light scatter (SSC) (Fig. 2B)
(Matarraz et al., 2008; Matarraz et al., 2010). These neutrophil pre-
cursor-associated profiles contrast with the phenotypic patterns of
monocytic lineage-committed CD34 " cells. Thus, early CD34* mono-
cytic precursors represent around 20-25% of all CD34™" cells in BM.
Despite maintaining expression of CD13 and CD33, these monocytic
precursors display an early CD34* HLADR* CD117* CD45* pheno-
type, associated with heterogeneous reactivity for CD64*/% (Mello
et al., 2017; Matarraz et al., 2008; Matarraz et al., 2010; Matarraz et al.,
2017) and cyMPO /" (Table 1; Fig. 1E). During early phases of he-
matopoietic cell development, monocytic precursors also upregulate
CD11b, CD11c, cyCD68 and cyLysozyme expression. Further transition
of monocytic precursors to more advanced maturation stages is asso-
ciated with loss of CD34 expression and a slight downregulation of
cyMPO (CyMPOlO) (Mello et al., 2017; Matarraz et al., 2008; Matarraz
et al., 2017). However, it should be noted that these “early monocytic
phenotypes” might vary among healthy subjects. Hence, some healthy
individuals show a well-defined subset of precursors with a HLADR™
and cyMPO ™ phenotype, associated with lower expression of CD117 in
the absence of CD64. The precise nature and identity (i.e. monocytic vs.
other cell lineage) of such precursors remains to be fully elucidated.

In addition to the neutrophil, monocytic and erythroid precursors, a
fraction of BM CD34 " HPC also show phenotypic commitment to other
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Fig. 1. Identification of bone marrow hematopoietic progenitor and precursor cells (HPC) based on CD34 (panel A) and CD45 expression profiles (panel B) and the
main subpopulations of CD34* CD73 " endothelial cells (red dots), CD73~CD19~ myeloid and CD73~CD19* B-lymphoid (blue and green dots, respectively) CD34*
HPC (panel C). Panel D depicts the relative distribution and phenotypic profile of CD34* HPC in a representative BM sample, including both uncommitted (black
dots) and committed precursors to the B- and T/NK lymphoid lineages (pink dots) and the different myeloid cell lineages in a single automatic population separator
(APS 1) diagram based on supervised principal component analysis (PC1 is shown on the X-axis and PC2 on the Y axes) (panel D). In panel E, bivariate dot plot
histograms illustrating the specific phenotypes of the distinct subsets of CD34" precursors, are shown. pDC, plasmacytoid dendritic cell. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

minor myeloid cell compartments. Thus, differentiation of CD34™" to-
ward pDC represents between 1 and 9% of all BM CD34% cells.
Differentiation of CD34* HPC to pDC is associated with acquisition of
(strong) reactivity for the IL-3 receptor a-chain (CD123*/hi (Fig. 1D-E)
and HLADR™, followed by positivity for CD36 and CD4 (Matarraz et al.,
2008; Martin-Martin et al., 2009; Olweus et al., 1997) (Table 1). In
turn, mast cell- and basophil-lineage committed CD34" precursors
(each represents < 1% of all BM CD34 ™" cells) show early acquisition of
the NPP-3 molecule CD203c™ together with loss of HLA-DR (HLADR'/
7) and increased vs. decreased reactivity for CD117, respectively
(Matarraz et al., 2008; Teodosio et al., 2015; Teodosio et al., 2010)
(Table 1 and Fig. 1D-E). Although expression of cyEPO specifically
identifies differentiation of BM cells toward the eosinophil lineage, no
cyEPO™ cells have been identified so far among normal BM CD34* BM
precursors (Matarraz et al., 2008) (Table 1). Similarly, reliable identi-
fication of CD34" megakaryocytic precursors in normal BM also re-
mains a challenge. In part, this is due to their low frequency, the re-
latively limited availability of megakaryocytic-associated markers and
the fact that most of them also stain platelets. Altogether, this translates
into artifact quantification of BM CD34% megakaryocytic precursors
(Table 1) (Matarraz et al., 2008; Matarraz et al., 2010; Damasceno
et al., 2016; Veglia et al., 2018). Likewise, identification of CD34 "
precursors committed to other myeloid cells, including myeloid DC
(mDCs) or myeloid suppressor cell lineages (MySCs) still remains a
challenge (Damasceno et al., 2016; Veglia et al., 2018).

Finally, around one third of all BM CD34 ™" cells show commitment
to the B-lymphoid lineage (CD34* nuTdT* cyCD79a /" CD19~/*
CD107/*; 20-25%) and to a lesser extent also, to the T/NK/DC
lineages (CD34* CD7™"; 10-15%) (Theunissen et al., 2017b; Matarraz

Table 1

et al., 2008; Matarraz et al., 2010) (Table 1; Fig. 1D-E). Of note, the
percentage of B-lymphoid precursors within BM CD34* HPC varies
significantly throughout life, higher numbers being observed within the
first years of life with a significant decrease in their proportion at
puberty (Lucio et al., 1999; Rossi et al., 2005).

3. Myeloid maturation in the bone marrow

Once CD34™ cell precursors committed to the main myeloid cell
lineages are identified, their subsequent differentiation pathways can
be easily delineated among maturing CD34~ BM cells (Fig. 2). In turn,
identification of early precursors corresponding to cell populations with
uncertain ontogenic origin and variable phenotypic characteristics (e.g.
MySCs) remains troublesome (Veglia et al., 2018).

4. Erythroid maturation

In BM smears, erythroid cells typically vary between 2% and 30% of
the whole BM cellularity (Matarraz et al., 2008; Matarraz et al., 2010)
(Table 1). Such variable distribution of erythroid precursors is due to
with a combination of technical and biological variables. Among others,
these include a variable degree of sample hemodilution, the use of
distinct lysing reagents used and/or the intrinsic biological hetero-
geneity of this cell compartment (Delgado et al., 2017). Despite this
variability, erythroid maturation stages can be clearly defined on phe-
notypic grounds in BM. Thus, early BM erythroid precursors mostly
corresponding to pro-erythroblasts (i.e. CD34* CD105* CD36%), ra-
pidly loose expression of CD34 and HLADR, CD117, CD13 and CD33. In
parallel, they acquire low levels of CD173, CD238 and reactivity for the

Distribution and immunophenotypic patterns of major and minor CD34* and/or CD117* cell compartments of human bone marrow myeloid and lym-

phoid cells.

CD34" cell compartment Phenotype

Distribution (%)

% BM CD34 " precursor cells

0.9% (0.2-1.6)

Myeloid precursors
Neutrophil lineage
Erythroid lineage
Monocytic lineage
pDC lineage
Basophil lineage
Megakaryocytic lineage
Eosinophil lineage
Mast cell lineage

B-lymphoid precursors

T/NK/DC precursors

% BM CD34 ~CD117* myeloid precursors

Neutrophil precursors

Erythroid precursors

Monocytic precursors

CD347CD117 " maturing myeloid cells

Neutrophil lineage

Erythroid lineage

Monocytic lineage

pDC lineage

Basophil lineage

Eosinophil lineage

Mast cell lineage

CD38* CD45"° CD117* HLA-DR™t
cyMPO™ CD64~ CD13™

CD36* CD357/" CD45"° CD105™*
cyMPO ~/*t CD64 " CD117"
CD123*/M CD36™ CD45'° HLA-DRM
CcD123*/" CD45* CD117"° HLA-DR CD203c*
CD61* CD45" CD203c"°

cyMPO~ CD15/CD65" cyEPO™*
CD117" HLA-DR™ CD45™"

nuTdT* cyCD79a™ CD19*
cyMPO~ CD7"t

cyMPO"™ HLA-DR"* cD13M
cyMPO~ HLA-DR™ CD105 *CD36™
cyMPO* HLA-DRM CD13™ CD64 /" CD14~

cyMPO'® HLA-DR~ CD13"**
cyMPO~ HLA-DR™ CD105~ CD36"
cyMPO* HLA-DR™ CD64" CD14"¢
CD123" CD36* CD45'° HLA-DR"
CD123" CD45" HLA-DR~ CD203c™*
cyMPO~ CD15/CD65" cyEPO™
CD117" HLA-DR~ CD45™

77% (57-85%)
33% (26-38%)
35% (24-37%)
22% (16-28%)
6% (1-9%)

< 1% (0-3%)

< 1%

<1%

<1%

23% (< 1-45%)
12% (10-15%)
2.3% (0.8-2.7%)
54.6% (53-69%)
30% (21-40%)
10% (5-16%)

59% (46-74%)
15% (2-29%)

4% (2-6%)

0.2% (0-0.6%)
0.4% (0.05-3%)
2.3% (0-4%)
0.005% (0-0.02%)

Results expressed as percentage (median and range) of all bone marrow (BM) cells or as percentage of the parent population category used as denominator.
pDC, plasmacytoid dendritic cell. Het, heterogeneous expression; hi, high expression; lo, low expression; int, intermediate expression levels.
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Fig. 2. Immunophenotypic patterns of distinct he-
matopoietic cell compartments in BM based on
EuroFlow panels. Marker combinations were vali-
dated as showing an optimal performance for dis-
secting multiple maturation pathways. In each panel
(panels A-D), arrows represent the maturation
pathway from immature CD34 " hematopoietic pro-
genitor and precursor cells (HPC; orange dots) to
maturing/mature (i.e. CD34 ™) cells, per cell lineage.
Dissection of the distinct maturation patterns of er-
ythroid (panel A; BM), neutrophil (panel B; BM),
monocytic (panel C; BM), T-cell (panel D; thymus)
and B-cell (panel E; BM) precursors is represented on
bivariate dot plot histograms (panels A-D, left
column) and maturation diagrams (panels A-D, right
column). Color lines represent the level of expression
of markers corresponding to each maturation stage.
Grey lines represent the percentage of events within
each maturation stage. Twenty maturation stages
were defined by default for smooth graphical re-
presentation along the maturation pathway of each
cell lineage. Of note, more than one maturation
pathway is observed during B-cell differentiation in
the BM (panel E). Thus, a subset of BM CD34 " B-cell
precursors can be identified, which already shows
cylgu™ expression, while other CD10* CD34* B-cell
precursors depict similar CD20" levels, associated
with heterogeneous expression of CD34, cylgu and
also sIgM/k and sIgM/A.. Based on these apparently
asynchronous profile, a few clearly distinct B-cell
maturation pathways can be visualized based on
CD20, CD34 and cylgu expression profiles.
Maturation of T-cell precursors depicted in panel D is
shown in the absence of CD4 and CD8 staining, which
explains why there is no split into the CD4*CD8~
and CD8*CD4~ thymic T-cell precursor pathways.
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cDh62L

CD16

Fig. 3. Identification of distinct subsets of monocytes in peripheral blood by the expression levels of CD14 and/or CD16. Panel A: classical monocytes (cMo; cD14M
CD16~ red colored events) are clearly discriminated from intermediate (CD14™ CD16* brown colored events) and non-classical monocytes (ncMo; CD14 = CD16™*
blue colored events). Panel B depicts the subsets of classical CD62L~ vs. CD62L* monocytes (red colored events). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Coxsackie-adenovirus receptor (CAR) protein, together with increasing
levels of the transferrin receptor (i.e. CD71*” hiy (Fig. 2A) (Machherndl-
Spandl et al., 2013). Morphologically, these erythroid precursors cor-
respond to basophilic erythroblasts (Loken et al., 1987a; Westers et al.,
2017; Kalina et al., 2012; Laranjeira et al., 2015; Rebel et al., 2000).
Further erythroid maturation is linked to upregulation of glycophorin A
(CD235a%), CD173%, CD233™", CD238" and CD239™", associated with
loss of CD105 expression. This erythroid phenotypic stage defines the
transition from polychromatophilic to orthochromatic erythroblasts
(Fig. 2A) (Loken et al., 1987a; Westers et al., 2017; Kalina et al., 2012;
Laranjeira et al., 2015; Machherndl-Spandl et al., 2013; Rebel et al.,
2000). Finally, during cell enucleation erythroid precursors simulta-
neously loose CD36 and CD71 expression, giving rise to CD36~ CD71~
reticulocytes and mature erythrocytes (Fig. 2A) (Loken et al., 1987a;
Westers et al., 2017; Kalina et al., 2012; Laranjeira et al., 2015; Rebel
et al., 2000). Both types of erythroid cells enter the blood stream for
oxygen transportation to tissues across the body and both detoxification
and elimination of immune complexes throughout the entire organism
(Mello et al., 2017).

5. Neutrophil maturation

Neutrophils play a key role in eliminating pathogens (Summers
et al.,, 2010). In steady state healthy subjects, neutrophil lineage cells
represent around 46%-74% of the whole BM cellularity (Table 1)
(Matarraz et al., 2008; Matarraz et al., 2010). As described above, early
neutrophil precursors can be recognized by co-expression of cyMPO ™,
CD34%, CD13" and CD33™ (Matarraz et al., 2008; Matarraz et al.,
2010). These precursors, progressively acquire higher cyMPO™*” hi Je-
vels, together with expression of CD15* % and CD65 """, At this stage,
neutrophil precursors sequentially downregulate CD34 (at the myelo-
blast stage), HLADR (in the transition between myeloblasts and pro-
myelocytes), CD117 (from the promyelocyte to the myelocyte stage)
and finally also, CD13 expression (at the myelocyte stage) (Fig. 2B)
(van Dongen et al., 2012; Matarraz et al., 2008; Matarraz et al., 2010).
In addition, maturing neutrophil precursors sequentially acquire sur-
face membrane expression of distinct functional molecules. These in-
clude: i) the CD11b integrin/complement receptor on myelocytes; ii)
the CD16 low-affinity IgG receptor in the transition from the myelocyte
to metamyelocytes stage and later on, iii) both the CD13 (re-expressed
on metamyelocytes) and iv) CD10 endopeptidases (from bands to seg-
mented neutrophils) (Fig. 2B) (van Dongen et al., 2012; Matarraz et al.,
2008; Matarraz et al., 2010). Finally, mature CD11b™ CD16™ CD13™

CD10™" neutrophils and a minor fraction of their immediate precursors
(bands) reach PB where they persist for a limited lifetime (around
24-72h). However, under specific circumstances, mature neutrophils
can eventually be chemo-attracted during an inflammatory process,
toward inflamed tissues. Under such inflammatory conditions, mature
neutrophils and bands are actively recruited from the BM into PB due to
massive tissue demand, leading to abnormally high counts of left-
shifted circulating neutrophils (Summers et al., 2010).

6. Monocytic maturation

Monocytic cells comprise a range of functionally distinct sub-
populations that can be phenotypically recognized with comprehensive
antibody combinations (Damasceno et al., 2019). Co-expression of
CD34% and CD64 " defines early HPC commitment toward the mono-
cytic lineage in BM (Matarraz et al., 2008; Matarraz et al., 2010;
Matarraz et al., 2017). At this stage, early monocytic precursors (i.e.
monoblasts) show heterogeneous CD64 expression levels, while they
progressively loose HPC-associated markers such as CD34 and (im-
mediately after) CD117. Monoblasts upregulate additional myeloid/
monocytic markers such as CD11c, cyLysozyme, cyCD68 followed by
CD36 and CD35 (van Dongen et al., 2012; Matarraz et al., 2017;
Dunphy, 2011). Further maturation of monoblasts is associated with
sequentially greater levels of CD11b, CD14 (from monoblasts to pro-
monocytes), and both CD300e and CD312 (from promonocytes to ma-
ture monocytes) (Fig. 2C) (Matarraz et al., 2017). Both immature (e.g.
CD64"CD14~) and mature (e.g. CD300e™) monocytic cells show ex-
pression of L-selectin (CD62L™"), while presence vs. absence of expres-
sion of this marker defines distinct maturation-associated subsets of
monocytes in PB and lymphoid tissues (Damasceno et al., 2019).

In contrast to PB neutrophils, circulating monocytes show a high
phenotypic heterogeneity (Damasceno et al., 2019). Hence, three main
populations of mature monocytes have been recurrently described in
PB: i) classical monocytes (CD300e™ CcD14M CD167), ii) intermediate
monocytes (CD300e™ cD14M cD16™) and, iii) non-classical monocytes
(CD300e™ CD14'~ CD16™) (Fig. 3A) (Damasceno et al., 2016;
Ziegler-Heitbrock et al., 2010). Among classical monocytes, additional
subsets have been identified based on the expression of CD62L and the
high affinity IgE receptor (FceRI). Thus, CD62L" monocytes pre-
dominate in PB, while those lacking CD62L are more frequent in sec-
ondary lymphoid tissues (Fig. 3B) (Damasceno et al., 2019).
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7. Maturation of plasmacytoid dendritic cells

Dendritic cells correspond to the major population of specialized
antigen-presenting cells responsible for priming T-cells (Eisenbarth,
2019). In BM, early commitment of CD34* hematopoietic precursors to
the pDC lineage is phenotypically associated with a CD117* CD123™
HLADR™ phenotype. Like for other BM cell compartments, maturation
of pDC precursors is associated with downregulation of immature
markers (first CD34 and subsequently CD117) (Martin-Martin et al.,
2009). In parallel, pDC precursors acquire positivity for CD36 (Olweus
et al., 1997; Almeida et al., 1999) followed by expression of CD4%,
CD303*% and CD304™" (i.e. neuropilin-1). This unique hematopoietic
cell phenotype is restricted to mature BM and circulating pDC (Martin-
Martin et al., 2009; Almeida et al., 1999). Moreover, these cells (par-
tially or totally) express the CD22 and CD7 lymphoid-associated mar-
kers (Martin-Martin et al., 2009; Almeida et al., 1999).

8. Maturation toward the basophil lineage

The basophil lineage is among the least common granulocyte
compartment with both pro- and anti-inflammatory functions
(Schwartz et al., 2016). Despite many similarities exist between baso-
phils and mast cells, basophil lineage cells complete their maturation
process in BM. Thus, early basophil precursors are among CD34"
CD38" IL-3Ra* IL-5Ra™ CD45RA™ myeloid progenitors. Subsequent
differentiation toward the basophil lineage is characterized by in-
creasing levels of CD123 expression (CD123 /™) and progressive loss of
HLA-DR (HLADR*/7). This leads to the unique CD123™ HLADR™
CD203c™ basophil phenotype (Matarraz et al., 2008). Other markers
that are highly expressed by terminally differentiated basophils include
CD9*, CD11b*, CD22*, CD25%™, CD33*, CD35*, CD40L, and CCR3
as well as cy2D7* (an intracellular protein characteristic of the baso-
phil lineage), FceRI* and CD13~7%°. Such phenotype is retained by
mature BM and circulating PB basophils (Han et al., 2008).

9. Mast cell differentiation

Similarly to basophil precursors and mature basophils, mast cell
precursors also show a CD203c* phenotype associated with strong
CD33 expression (Teodosio et al., 2015; Teodosio et al., 2013). In
contrast, mast cell precursors already show very-high expression of
CD117 at early stages (Matarraz et al., 2008; Mayado et al., 2018;
Teodosio et al., 2015; Teodosio et al., 2013), even before acquisition of
CD203c (Teodosio et al., 2015), while basophil differentiation is asso-
ciated with down-regulation of CD117 (CD117 " loy (Fig. 1E) (Teodosio
et al., 2015; Almeida et al., 1999; Teodosio et al., 2013). Thereafter,
mast cell precursors acquire cytoplasmic expression of enzymes char-
acteristic of mature mast cells, such as tryptase and carboxypeptidase.
This is accompanied by upregulation of CD203c and FceRI expression,
two cell surface markers shared with basophils (Teodosio et al., 2015;
Teodosio et al., 2013). Despite mast cell maturation occurs in the BM,
CD34*% CD117™ mast cell precursors can enter the PB circulation and
migrate to distinct tissues and mucosa, including the BM (Mayado et al.,
2018; Dahlin et al., 2017). At these tissues, mast cell precursors un-
dergo terminal differentiation until they become mature mast cells,
displaying heterogeneous phenotypes depending on their tissue desti-
nation (Teodosio et al., 2015; Teodosio et al., 2013). Due to the low
frequency of mast cells in BM (median of < 0.01%) (Matarraz et al.,
2008; Teodosio et al., 2015; Teodosio et al., 2013), it is rather difficult
to detect all maturation stages described above in normal BM, where
most mast cells show a mature resting phenotype. However, early mast
cell maturation stages become evident in reactive and/or regenerating
BM (e.g. after chemotherapy) (Teodosio et al., 2015; Teodosio et al.,
2013).

Journal of Immunological Methods 475 (2019) 112684

10. Eosinophil and megakaryocytic differentiation

As for human basophils, in vitro eosinophil differentiation has been
previously associated with CD34 " CD38* IL-3Ra* IL-5Ra* CD45RA ™~
myeloid progenitors, while megakaryocytic differentiation might derive
from the IL-5Ra ™ precursor cell fraction (Mori et al., 2009). However,
in human BM maturing eosinophil and megakaryocytic cells are phe-
notypically detectable only within the CD34~ cell compartments. The
maturation of these two cell lineages is associated with loss of CD34,
CD117 and HLADR expression, together with co-expression of CD11b™,
CD15%, CD65* and either cyEPO™ (in the absence of CD16) or CD61*,
CD41" and CD42%, respectively (Mori et al., 2009; Tomer, 2004;
Tomer et al., 1989). Moreover, while mature eosinophils retain CD13,
CD33 and CD45 expression, megakaryocytic maturation is associated
with down-regulation and loss of these markers already at relatively
early maturation stages (Mori et al., 2009; Tomer, 2004; Tomer et al.,
1989).

11. Normal lymphoid maturation

Lymphoid precursors represent around 25%-30% of all BM CD34 ™
cells (Matarraz et al., 2008; Matarraz et al., 2010). An early CD34%
CD10* CD45RA* CD19~ common lymphoid precursor has been
identified in mice. However, the presence of a CD34™" cell population
displaying this specific phenotype, remains to be definitively demon-
strated in primary human BM. Thus, human BM lymphoid precursors
typically include two clearly distinct populations of CD34* CD7* T/NK
precursors and CD34 " nuTdT* B-cell precursors (Table 1, Fig. 1D-E)
(Matarraz et al., 2008; Matarraz et al., 2010). In BM, B-cell precursors
become immunocompetent B-lymphocytes via expression of im-
munoglobulins (Ig) on their cell surface (sIg™). In contrast, both un-
committed and CD34" CD7* T-cell precursors migrate through PB to
the thymus to complete their differentiation and maturation toward the
distinct functional subpopulations of T-cells (Bhandoola et al., 2007).

12. T-cell maturation

Differentiation of CD34" CD7* cyCD3~ precursors toward T-cells
occurs in the thymus, through multiple sequential maturation stages.
Hence, the more immature thymic precursors already co-express CD34,
cyCD3, nuTdT and CD99, while they lack CD4, CD8 and surface
membrane CD3. These cells initiate the rearrangement of T-cell re-
ceptor genes (TCR) (Fig. 2D) (Bhandoola et al., 2007; Baltanas et al.,
2013). At this stage, T-lymphoid precursors also show CD2!° and CD5'°
(Bhandoola et al., 2007; Baltanas et al., 2013). Later on, CD34~ thy-
mocytes progressively loose CD99 and nuTdT expression, while they
upregulate expression of CD1a*, CD4™ and CD8™. Thereby, they give
rise to CD4* CD8" double-positive T-cell precursors (Fig. 2D)
(Bhandoola et al., 2007; Baltanas et al., 2013). Further differentiation
toward CD4" or CD8* T-lymphocytes is associated with a slight de-
crease of cyCD3 (from cyCDShi to cyCD3") and CD1a levels (toward
CD1a™). This is accompanied by expression of the CD3*/TCR™ com-
plex on the cell surface membrane and a mature CD45", CD5" and
CD2M T-cell phenotype (Fig. 2D) (Bhandoola et al., 2007; Baltanas
et al., 2013).

Naive CD4% and CD8* mature T-cells typically co-express
CD45RA* and CCR7 (CD197) " (Baltanas et al., 2013). Once these cells
had contacted with their specific antigen, they differentiate into: i)
central memory (i.e. CD45RA~ CCR7™); ii) peripheral memory (i.e.
CD45RA~ CCR77); and, iii) effector (i.e. CD45RA™ CCR7 ) T-cells
(Larbi and Fulop, 2014; van der Burg et al., 2019; Mahnke et al., 2013).
Of note, among memory and effector cells, flow cytometry im-
munophenotyping currently allows identification of multiple functional
T-cell compartments (> 120 subsets) according to their differential
phenotypes (Fig. 4A) (Mahnke et al., 2013). Therefore, based on their
PB  phenotypes, > 25 subpopulations of regulatory T-cells
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Fig. 4. Identification of distinct functional subsets of peripheral blood CD4* T-helper cells (panels A and B), B-cells and plasma cells (panel C) using combinations of
markers designed by EuroFlow. Panel A shows a multidimensional view using principal component analysis (PCA; PC1 and PC2 shown in the X and Y-axis) of the
main memory helper CD4" T-cell subsets (Th) from 5 peripheral blood samples: each individual circle and its corresponding contour line represent median
fluorescence expression values for all immunophenotypic parameters and one standard deviation values, respectively, per sample. Total cell-events from the same Th

cell-populations are shown in panel B, in a 3-dimensional plot of PC1 vs. PC3.

(FoxP3*CD127 ~CD25"CD39") can be identified at different matura-
tion stages. Besides, Thl (Tbett CD183%), Th2 (CD294*CD194%),
Th17 (CD161*CD194%CD196") and Th22 (CD194* CD1957
CCR10™) memory helper T-cells, and multiple (> 65) subsets of folli-
cular helper (Thf, CXCR5* CD279%) and cytotoxic effector T-cells
(cyPerforin* and/or cyGranzyme™) are also recognizable in PB
(Mahnke et al., 2013; Geginat et al., 2013; Maecker et al., 2012;
Caramalho et al., 2015; Sallusto, 2016).

13. B-cell maturation

In contrast to T-cell development, differentiation of B-cell pre-
cursors toward immunocompetent B-lymphocytes occurs in BM (Loken
et al., 1987b; Theunissen et al., 2017b). For decades, four different
stages of B-cell maturation have been defined in human BM, which
precede mature B-lymphocytes. These include: i) pro-B cells (nuTdT™*
cyCD79a* CD22* HLADR™ CD34* CD38" CD10~ CD197); ii) Pre-B I
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cells (nuTdT* cyCD79a* CD22* HLADR' CD34" CD38" CD10™
CD19%); iii) large pre-B II cells (nuTdT~ cyCD79a™ CD22" HLADR™
CD34~ CD38" CD10* CD19™); and, iv) small pre-B II cells (nuTdT ™~
cyCD79a™ CD22" HLADR™ CD34~ CD38" CD10* CD19% CD20~
cylgu™ slg™) (Lhermitte et al., 2018; van Zelm et al., 2005). Subse-
quently, pre-B II precursors differentiate toward immature/transitional
B-lymphocytes, as reflected by progressive loss of CD38'° and CD10'",
together with expression of CD20™, CD5* and sIgM*, and progres-
sively higher levels of sigD ™/ *. At more advanced stages of maturation,
a fully mature and naive B-cell phenotype is acquired (i.e. nuTdT~
cyCD79a™ CD22" HLADR™ CD34~ CD38~/° CD10~ CD19* CD20™
slgM*D* CD57) (Blanco et al., 2018; van Zelm et al., 2005).

Despite the predominance of the above described B-cell maturation
phenotypes, recent studies demonstrate the potential existence of di-
vergent B-cell differentiation pathways (van der Burg et al., 2019).
Occurrence of parallel B-cell maturation pathways would contribute to
explain current discrepancies on the expression of several antigens
along the classical B-cell maturation, such as CD34, nuTdT, CD20 and
cylgu (Fig. 2E) (Theunissen et al., 2017b). For example, a subset of BM
cylgu™ B-cell precursors have been identified among CD34"CD10™"
cells. In contrast, most other CD34*CD10" B-cell precursors are
cylgu ™ (Fig. 2E) (Theunissen et al., 2017b). Similarly, among CD20 " B-
cell precursors, expression of CD34 and cyIgu might be either negative
or positive, with two clearly defined and distinct maturation pathways.
The precise biological and clinical relevance of these distinct B-cell
maturation pathways remains to be established.

Naive B-lymphocytes (i.e. CD10~ CD38 7 CD5~ CD27°
sSIgM™D™) and immature/transitional B-lymphocytes (i.e. CD10"
CD38" CD5*% CD27~ slgM*D /") enter the PB to reach secondary
lymphoid tissues (Fig. 4B) (Perez-Andres et al., 2010; Perez-Andres
et al., 2011; Sims et al., 2005; Lee et al., 2009). After antigen re-
cognition, either inside or outside the germinal center (GC), CD10~
CD44" CD38~"!° naive B-cells sequentially differentiate into CD10™*
CD44% CD38" (Kjeldsen et al., 2011) B-cells and both antibody-se-
creting plasmablasts (i.e. CD19% CD45* CD38" CD27*+ CD20~"°
CD13877%°) (Caraux et al., 2010) and memory B-cells (MBC) (most
frequently CD38 =7 CD27* CD20™) (Maecker et al., 2012; Berkowska
et al., 2011). The latter two cell populations might have undergone or
not heavy chain isotype and subclass switching from IgM* D™ to
1gG1_4 ", IgA; 5™ or, to a lesser extent, IgE™ plasmablasts and memory
B-cells (Fig. 4B) (Blanco et al., 2018; van Zelm et al., 2005; Blanco
et al.,, 2019). This translates into up to 21 different subtypes of plas-
mablasts and MBC (11 and 10 subtypes, respectively) according to their
maturation stage and the Ig-isotype and Ig-subclass they express
(Blanco et al., 2018). Recently produced cD38M CD19* CD45*
CD20~/*het cD138~/* VS38¢ ™/ " sIg™/* cylg™ plasmablasts (Caraux
et al., 2010; Paiva et al., 2011), enter the blood circulation from sec-
ondary lymphoid tissues, where they have been produced. After few
days they migrate back to the BM, where they complete their differ-
entiation toward long-living PC (i.e. CD19~ CD22~ CD20~ CD45"
CD81% CD27* CD56 /% sIg™ cylg™) (Halliley et al., 2015). In turn,
MBC recirculate between PB and secondary lymphoid tissues during a
relatively longer period (months to years). Of note, both naive B-cell
and MBC populations might also be subclassified into: i) the major
populations of CD21 " and CD27* cells; and, ii) the minor subsets of
cells lacking either one or both proteins. The functional role of these
minor B-cell population remains to be fully elucidated (Blanco et al.,
2018; van Zelm et al., 2005).

14. Aberrant phenotypes associated with clonal hematological
disorders

At present it is well established that tumor hematopoietic cells
mimic the phenotypic features of their corresponding normal counter-
part. However, tumor cells systematically show phenotypic deviations/
alterations from normal antigen expression profiles (Orfao et al., 1999).
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Such leukemia/lymphoma-associated aberrant phenotypes may derive
from: i) minor normal phenotypes that remain undetectable in normal
samples from healthy subjects (due to their low frequency); ii) cellular
phenotypes which are absent in a given (normal) tissue; iii) altered
phenotypic profiles due to underlying genetic lesions of tumor cells; or
iv) phenotypic changes induced by interactions of tumor cells with their
microenvironment (Orfao et al., 1999; Szczepanski et al., 2001).

At present, aberrant phenotypes of hematopoietic tumor cells are
usually subclassified according to the patterns of deviation of antigen
expression vs. normal phenotypes. These include: i) asynchronous an-
tigen expression (i.e. either absence or expression of markers that
should be present during normal hematopoiesis in the same or distinct
stages of maturation, respectively); ii) abnormally decreased (under-
expression) or increased (over-expression) reactivity for an individual
marker in a given cell population; iii) mixed-lineage phenotypes de-
fined by co-expression on individual tumor cells of two or more markers
from different lineages; and, iv) ectopic phenotypes, as reflected by
tumor-associated phenotypic profiles that correspond to a different
tissue in healthy subjects (Orfao et al., 1999; Szczepanski et al., 2001;
Schuurhuis et al., 2018). The presence of asynchronous maturation
profiles is by far the most frequent aberrant phenotype observed in
clonal hematopoietic cells. Conversely, mixed-lineage phenotypes re-
present the most reliable aberrant patterns to identify tumor cells, as
they are typically related to (clonal) neoplastic conditions.

From a practical point of view, specific detection of tumor cells by
flow cytometry based on their aberrant phenotypes is of great clinical
utility, particularly for minimal disease detection, either at diagnosis or
after starting therapy. In addition, some aberrant phenotypes of he-
matopoietic tumor cells are strongly associated with underlying ge-
netic/molecular alterations (Orfao et al., 1999), and might be used as
surrogate markers to direct further molecular analyses.
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