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ARTICLE Open Access

Multicenter validation of the flow
measurement of classical monocyte
fraction for chronic myelomonocytic
leukemia diagnosis

Sihem Tarfi'"*, Véronique Harrivel®, Florent Dumezy”, Julien Guy®, Mikael Roussel®, Aguirre Mimoun’, Pierre Fenaux®,
Nicolas Chapuis®, Eric Solary'®, Dorothée Selimoglu-Buet'® and Orianne Wagner-Ballon®', on behalf of the Groupe
Francophone des Myélodysplasies (GFM)

Abstract

Peripheral blood monocytes include three subsets defined by CD14 and CD16 surface markers. An increase in the
CD147*CD16™ classical monocyte fraction = 94% of the total monocytes was proposed to rapidly and efficiently
distinguish chronic myelomonocytic leukemia from reactive monocytosis. The robustness of this assay required a
multicenter validation. The flow cytometry assay designed to quantify peripheral blood monocyte subsets was
implemented by multiple diagnosis laboratories in France. A nationwide survey was performed to evaluate its
performance. All the 48 French laboratories answered the questionnaire, revealing that 63% use this assay routinely.
Central blind reanalysis of 329 cytometry files collected from five laboratories demonstrated an excellent correlation in
classical monocyte fraction measurement (r = 0.93; p < 0.0001). The cutoff value of 94% classical monocytes being the
critical readout for diagnosis, we then compared 115 patients with classical monocytes > 94% and 214 patients with a
fraction < 94% between initial analysis and reanalysis. An agreement was obtained in 311 files. Finally, an overt
diagnosis, available for 86 files, confirmed a good sensitivity (93.6%) and specificity (89.7%). This survey demonstrates
the robustness of the flow assay with limited variability of classical monocyte percentage between centers, validates
the 94% cutoff value, and confirms its sensitivity and specificity.

Introduction inflammatory processes, and hematopoietic malignancies,

The updated World Health Organization (WHO) clas-
sification for chronic myelomonocytic leukemia (CMML)
diagnosis requires both the presence of persistent per-
ipheral monocytosis (>1x10° /L) and monocytes
accounting for > 10% of the total white blood cell count™?.
Such a monocytosis can also be seen in various diseases,
including chronic or acute infections, chronic
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more specifically myeloproliferative neoplasms>*, CMML
is characterized by a clonal hematopoiesis with abnormal
myeloid differentiation, which is either dysplastic, leading
to cytopenias, or exacerbated, leading to myeloprolifera-
tion, or both>®. Dysplasia of one or more myeloid lineages
might be observed, yet is not mandatory. If myelodys-
plasia is absent or minimal, an acquired clonal cytogenetic
or molecular genetic abnormality should be detected for
diagnosis statement®. Indeed, most CMMLs have somatic
mutations, especially of TET2, SRSF2, ASXLI genes, and
genes of the Ras pathway, although none of them are
specific to the disease’. For all these reasons, diagnosis of
CMML has hitherto remained difficult.
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We found that accumulation of classical monocytes
(cMo) CD14""CD16  analyzed by flow cytometry, at the
expense of intermediate monocytes (iMo) CD14*"CD16™
and nonclassical (ncMo) CD14 /'°¥CD16", can be a
powerful tool to diagnose CMML, regardless of muta-
tional background, subtype, or dysplastic versus pro-
liferative  features. We showed that a relative
accumulation of cMo>94% of total peripheral blood
monocytes distinguishes CMML from any type of reactive
monocytosis with high specificity (94.1%) and sensitivity
(91.9%)%. This 94% threshold was subsequently validated
in two other independent studies”'®, the latter high-
lighting the efficacy of this test to distinguish CMML from
myeloproliferative neoplasms with associated mono-
cytosis'®. Moreover, the sensitivity of cMo accumulation
was recently demonstrated to increase with the subtype,
reaching 100% for CMML type 2'.

The flow cytometry-based monocyte subset analysis,
hereafter referred to as “monocyte assay”, is now proposed
as an additional diagnostic modality in CMML'*'?, Since
this assay has been largely adopted by diagnosis labora-
tories in France, we sought to assess its use throughout a
nationwide survey and its performance through a multi-
center evaluation.

Methods
Survey

A short questionnaire was sent by personalized emails
between July and September 2016 to 48 French labora-
tories (mainly from university hospitals) performing
routine flow cytometry diagnosis of myeloid neoplasms.
Surveyed flow cytometrists were first asked whether they
had implemented the “monocyte assay” in their daily
routine practice. If not, they were queried if they would be
willing to set it up within a short time, later, or most likely
never. If they were using the “monocyte assay”, they were
requested to provide several information, including the
date and conditions in which the “monocyte assay” had
been implemented, the antibody panel used, and the
number of tests performed every month. Eventually,
surveyed cytometrists were asked if they considered the
“monocyte assay” useful for CMML diagnosis.

Flow cytometry raw data

Five centers selected among those commonly using the
assay were asked to send their raw data files as well as the
corresponding cMo (CD14""CD16 ") percentage evalua-
tion in order to perform a centralized reanalysis. Briefly,
whole-blood samples were stained with the following
antibodies (all purchased from Beckman-Coulter, Brea,
CA) as previously described® and analyzed with a Navios
Cytometer (Beckman-Coulter): CD14-PE or CD14-ECD
or CD14-PC5.5 or CD14-APC or CD14-AA750 (clone
RMOS52); CD16-ECD or CD16-AA750 or CD16-PB
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(clone 3G8); CD2-FITC or CD2-PE or CD2-PC7 or
CD2-AA700 (clone 39C1.5); CD56-PC5.5 or CD56-APC
(clone N901); CD24-PE or CD24-PC5.5 (clone ALB9);
CD45-KO (clone J33) for four centers; one center used
CD7-AA700 (clone 8H8.1) instead of CD2 and CD33-
PC5.5 (clone D3HL60.251) instead of CD24.

All the files received were analyzed in a blind fashion
using Kaluza”® Software (Beckman-Coulter”) by two dif-
ferent operators, a skilled one (OWB) and a trainee one
(ST) through a protocol adapted to each center and/or
antibody panel used. Briefly, monocytes were roughly
selected as CD45"8"/SSC™ cells among living cells and
singlets (Fig. la—c). The other mature blood cells were
then excluded, depending on the antibody panel used by
the center that collected the data: T cells as CD2"/SSC'*"
(or CD71/SSC®¥ cells), NK cells as CD56"/SSClow/int
cells (which overlap with ncMo subset on CD14/CD16
dot plot), B cells as CD247/SSC'™ cells, both immature
and mature granulocytes as CD24"/SSC™ * M8 cells (or
immature cells as CD33"/SSC™ to high cells) residual
granulocytes expressing high levels of CD16, and the
remaining CD14 CD16" cells corresponding mainly to
basophils and to NK cells which would have not pre-
viously been excluded (Fig. 1d-h). Afterward, the selec-
tion of the monocyte subpopulations was checked on a
CD45/SCC dot plot (Fig. 1i), and if need be, the exclusion
strategy was tweaked. Eventually, monocytes were sepa-
rated on a CD14/CD16 scattergram into CD14"/CD16~
(cMo, classical), CD147"/CD16" (iMo, intermediate),
and CD14 /CD16" (ncMo, nonclassical) subsets (Fig. 1j)
as described"*™*¢,

The percentages of cMo provided by the different
centers were compared with cMo percentages determined
by centralized analysis. Of note, the five selected centers
used Navios instruments (Becl<man—CouIter®, Miami, FL,
USA).

Biological and demographic parameters of the patients

The centers that did send raw data files were requested
to provide biological and demographic data of the patients
with an overt diagnosis.

Statistical analysis

All data were collected using Excel software. We used
GraphPad Prism software version 5.01 and MedCalc
Statistical software version 12.7.5 (Ostend, Belgium) to
perform correlation tests, Bland—Altman graphs,
Mann—-Whitney tests, and receiver-operating character-
istic (ROC) curve.

Ethics committee
This retrospective study was approved by the local
Ethics Committee (IRB MONDOR).
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Fig. 1 Exclusion gating strategy for monocyte subset determination. Example analysis of a raw data file provided by Center A. a Living cell
selection on morphological parameters (forward scatter FCS and side scatter SSC). b Singlets selection. ¢ Monocytes rough selection as CD45M9"/SsC™
cells. d Exclusion of T cells selected as CD2*/5SC'°™ cells. e Exclusion of NK cells selected as CD561/5SC'™ cells (which overlap with ncMo CD147/
CD16" subset on CD14/CD16 dot plot). f Exclusion of B cells selected as CD24+/SSC'" cells as well as both immature and mature granulocytes
selected as CD24/5SC™ *© MM cells. g Exclusion of residual mature granulocytes selected as CD16"9" cells. h Exclusion of double-negative

CD147CD16~ cells. i Checking of the previous monocyte sub-population selection. j Separation of monocytes into CD147F/CD16™ (cMo, classical),

CD147+/CD16™ (Mo, intermediate), and CD14~/CD161 (ncMo, nonclassical) subsets

Results
Most of the surveyed French centers use routinely the
“monocyte assay”

A short questionnaire was sent to the 48 French
laboratories identified as performing routine flow cyto-
metry diagnosis of myeloid neoplasms in order to assess
the use and performance of the “monocyte assay”. We
obtained a comprehensive reply to the survey with a 100%
rate of response. Thirty of 48 centers (63%) use routinely
the “monocyte assay”. Among the 18 centers that do not
use this test, eight (44%) intend to develop it soon, the ten
remaining centers not excluding a possible implementa-
tion. Apart from the three centers that participated in the
original study® (Henri Mondor University Hospital—
Gustave Roussy Institute—Cochin University Hospital)
and keep using the monocyte assay, 27 centers sponta-
neously implemented it, most often following the original
publication and/or a meeting presentation (Fig. 2). It is
noteworthy that, in 12 centers, the implementation was
partly motivated by the request of the clinicians. Aside
from the centers that participated in the original study,
four centers, having listened to the first oral commu-
nications on the subject, set up the “monocyte assay”
before the original publication in June 2015°,

Eighteen out of 27 (67%) centers use at least the pub-
lished exclusion panel for non-monocyte mature blood
cells® (ie, CD2 and CD56 for T lymphocytes and NK
cells; CD24 for B lymphocytes and granulocytes). Ten
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centers use at least one exclusion marker, while two do
not use any exclusion antibody. Among the 30 centers
using the “monocyte assay”, nine centers perform 1-2
tests per month, fifteen 3-6 tests, three 6-10 tests, and
three more than 10 tests per month. All the surveyed
cytometrists consider the “monocyte assay” useful for
CMML diagnosis.

Excellent correlation of cMo percentages

In the second step, we sought to validate the routine use
of the “monocyte assay” in centers that did not participate
in the original study and had adapted the published
technique. Having excluded the three centers which were
part of the initial study, we selected five laboratories
according to their antibody panel and their frequency of
use, highlighting their keen interest in this test. Thus, we
collected 329 useable flow cytometric raw data files pro-
vided by these centers, anonymized A to E. For each
analyzed file, we collected the percentage of cMo provided
by the center as well as the number of cMo events.

All received files were analyzed in a blind fashion by two
different operators (skilled and trainee). The only 20 files
showing discordant cMo percentages between these two
analyses were reassessed in order to obtain a harmonized
value. Given that no marker is common to the three sub-
populations, positive gating of monocytes should be
avoided. Indeed, markers classically used to select
monocytes, such as CD14, CD64, CD33, or CD36, are
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Fig. 2 Current practices in France of the “monocyte assay”. a Chronological record of the “monocyte assay” implementation in the 30 French
centers, in relation to the different oral communications on the subject in French or International meetings and the original publication in June 2015
(prepublished online as Blood First Edition paper in April 2015). CHO: “Club Hématopoiese et Oncogenese” (Hematopoiesis and Oncogenesis Club);
SFH: “Société Francaise d’'Hématologie” (French Society of Hematology); MDS: myelodysplastic syndrome; GFM: “Groupe Francophone des
Myélodysplasies” (Myelodysplastic French-speaking Group); AFC: “Association Francaise de Cytométrie” (French Flow Cytometry Asociation); GFHC:
“Groupe Francophone d'Hématologie Cellulaire” (French-speaking Group of Morphological Hematology); *Hospital centers in or around Paris. b
Distribution of the 30 French centers that have implemented the “monocyte assay” (map obtained from Google Maps)
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expressed at a lower level by the ncMo subpopulation®?,
which would therefore be easily eliminated. Thus, the
three monocyte subsets (cMo, iMo, and ncMo) were
identified in total blood samples following the exclusion
gating strategy originally published®, so as to eliminate the
other mature circulating cells. All the five selected centers
but one use the published exclusion antibody panel shown
in Fig. 1, namely anti-CD2 and anti-CD56 antibodies to
exclude NK cells, and anti-CD24 to exclude immature
granulocytes. Center D uses distinct exclusion markers,
including an anti-CD7 antibody to exclude NK cells and
an anti-CD33 antibody to exclude immature granulocytes.
Hence, an exclusion strategy settled for this specific
antibody panel was used.

We compared the percentages of cMo arising from the
agreement of the two blind analyses for the 329 FCM raw
data files with those provided by the five centers. This
comparison showed an excellent global significant corre-
lation (center A to E: r=0.93; p <0.0001; Fig. 3a). The
coefficients of correlation observed center by center ran-
ged from 0.89 to 0.97 (center A: r=0.93; B: r=0.97;C: r
=0.89; D: r=0.93; E: r =0.93; p <0.0001; Fig. 3¢, e, g, i,
and k).

Besides, no major bias was found between the percen-
tages of cMo supplied by the five centers and those
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determined by the centralized analysis, as the mean of the
differences was close to 0 (Bland—-Altman plot, mean
=—0.7; Fig. 3b). Among the five centers, center B dis-
played the strongest absence of bias (mean = 0.1; Fig. 3f).
A very slight underestimation of the cMo percentages was
observed with the values provided by center A (mean =
1.1; Fig. 3d). Conversely, we noted a trend to the over-
estimation of cMo percentages provided by centers C, D,
and E (mean = —1.6, —0.9, and —2, respectively; Fig. 3h, j,
and 1). Altogether, correlation tests as well as bias studies
did not show a noticeable difference between the per-
centages of cMo provided by the five centers and those
determined by centralized analysis.

Excellent agreement of cMo percentages related to the
threshold value of 94% cMo

As the threshold value of 94% cMo is the most relevant
parameter in the “monocyte assay”, we compared patients
for which the cMo percentage was = 94% (i.e., suspected
of being diagnosed as CMML)>"". Both analyses (per-
formed by each center and centralized) were in agreement
(matching for 110 analyses/115 (95.7%), Fig. 4a). Con-
versely, of the 214 patients with a fraction of cMo < 94%
by centralized analysis (i.e., not diagnosed as a CMML
according to this parameter®), 201 (93.5%) displayed a
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percentage of cMo <94% given by the center (Fig. 4a).
Only one to two divergent cases were noted for center A
to D (Fig. 4b—e), whereas Center E displayed ten under-
estimated cMo percentages and two overestimated ones
(Fig. 4f). In most of these 18 divergent cases, an insuffi-
cient number of cMo had been acquired, which may have
led to difficulties in delineating the “cMo gate” correctly
(Fig. 5a,b). Hence, we decided arbitrarily to exclude all the
files showing cMo event number below 10,000 (Fig. 5c),
thereby improving both cMo percentage correlation (r =
0.94, p<0.0001) and agreement for the 245 remaining
files (total matching files: 95%).

Multicenter validation of the 94% cMo threshold

Among the 245 files displaying more than 10,000 cMo
events, we collected clinical data when available (demo-
graphic and hematological data, Table 1). We obtained 86
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files associated to an overt diagnosis, namely 47 CMML
according to the WHO 2017 criteria®, 23 reactive
monocytosis, and 16 non-CMML malignancies. Among
the 47 CMML patients, 32 (68%) were newly-diagnosed
CMML. The 15 patients who had a pre-existing diagnosis
received supportive care (e.g., blood transfusion and
erythropoiesis-stimulating agents) or cytoreductive drugs,
but none of them were treated with a hypomethylating
agent.

The average age of CMML patients was 75 £ 13 years
with male predominance (sex ratio =1.8). White blood
cell (WBC) counts were variable with a mean of 18.9 +
26.8x 10°/L (up to 161 x 10°/L), and the absolute
monocyte count was 3.9 +3.2 x 10°/L with a monocyte
percentage of 26.0 + 10.4%. These patients displayed both
mild anemia (mean hemoglobin: 11.5+2.1g/dL) and
thrombocytopenia (mean platelets: 156+ 115 x 10°/L).
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Patients with reactive monocytosis were younger than
CMML patients (63 + 23 years), with also a majority of
males (sex ratio = 2.8). The mean WBC count was higher
(27.6 + 47.2 x 10°/L) related to the increase of neutrophils
in these reactive contexts, and the mean absolute mono-
cyte count was 4.3+ 10.3x 10°/L. Patients with non-
CMML malignancies had age close to that of CMML
patients (76 + 11 years), and presented with a mean WBC
count of 20.9+187x 10°/L with a mean absolute
monocyte count of 2.5+ 2 x 10°/L (Table 1).
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To determine the sensitivity and specificity of the
“monocyte assay” from these data, we used the cMo
percentages obtained from the centralized analysis, owing
to the 18 mismatches with the percentages supplied by the
centers previously described. Accumulation of cMo > 94%
was observed in 44 of the 47 CMML, indicating a sensi-
tivity of 93.6% (Fig. 6a). The three false negatives showed
the characteristic “bulbous” aspect observed when CMML
is associated with an inflammatory state''. This easily
recognized profile is due to the disappearance of ncMo
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Table 1 Demographic and hematological data parameters in CMML patients, patients with reactive monocytosis, and
patients with non-CMML malignancies

Total CMML CMML-0 CMML-1 CMML-2 Reactive monocytosis Non-CMML malignancies
Patients, n (%) 47 (100) 14 (30) 26 (55) 7 (15) 23 (100) 16 (100)
Age, years 7513 78+8 74+£15 73£13 63+23 76+ 11
M/F (sex ratio) 30/17 (1.8) 8/6 (13) 17/9 (1.9) 5/2 (2.5) 17/6 (2.8) 9/7 (13)
CBC, n (%) 40 (85) 13 (93) 23 (88) 6 (86) 18 (78) 14 (88)
Hemoglobin, g/dL 11.5£2.1 120£23 1M5+21 106£1.7 11.8+£24 102£19
Platelets, x10°/L 156+ 115 144 £128 167 £120 138+ 64 315+ 157 338 £ 258
WBC, x107/L 189+268 153136 158164 38+ 60 276+472 2094187
Neutrophils, x1 0/L 105+ 149 9277 88+98 19.7 £33 173 £264 13.6£143
Monocytes, x1 0%/L 39+£32 32+26 37311 57+44 43+103 2520
Monocytes, % 260+ 104 232+75 276+113 254+112 151+77 142 +86

All parameters are mean + standard deviation. CMML patients were subdivided into three groups, CMML-0, CMML-1, and CMML-2, according to the WHO
classification®. Non-CMML malignancy patients were six myelodysplastic syndromes, two chronic myeloid leukemias, two myelodysplastic/myeloproliferative
neoplasms with ring sideroblasts and thrombocytosis, one essential thrombocythemia, one non-Hodgkin lymphoma, two malignant blood diseases with JAK2
mutation, and eventually two non-CMML malignancies unspecified by centers
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(CD14~"°¥CD16") subset combined with the increase of
iMo (CD14"*CD16") subset (Fig. 6b,c). Indeed, in two of
these three patients, the bulbous aspect could be related
with an inflammatory state, either a pericarditis or a colon
cancer with, in both situations, an elevated C-reactive
protein (mean: 60.5 mg/L). Clinical information regarding
the third case was missing. Hence, the “corrected” sensi-
tivity of the “monocyte assay” reached 100%.

A specificity of 89.7% was calculated as 35 of the
39 “non-CMML” patients displayed cMo <94% deter-
mined by centralized analysis. The four false positives
consisted of three diagnoses of reactive monocytosis and
one MDS. Interestingly, using these data provided by
these five different centers, we established a receiver-
operating curve (ROC) and obtained yet again a 94%
cutoff value of cMo with an area under the ROC curve
(AUC) of 0.921 (Fig. 6d).

Discussion

Peripheral monocytosis is a very common finding in
routine laboratories. Since CMML should be suspected
based on this sole arbitrary criterion, bone marrow
examination is required for dysplasia assessment, blast
quantification, and cytogenetic evaluation if no reactive
causes can explain the sustained elevated absolute
monocyte count®. Even though recurrent cytogenetic
aberrations are found in 30-40% of CMML patientsU,
detection of such a clonal abnormality can help confirm
diagnosis, especially in the absence of significant dyspla-
sia’. About 90% of CMML patients have somatic muta-
tions including TET2, SRSF2, and ASXL1I mutations”'®~>°
with an average of 14 per patient®', yet none of them are
specific to the disease. Additional mutations in genes of
the Ras pathway are frequently detected in the pro-
liferative form of the disease. Since some of these muta-
tions can be detected in otherwise healthy older
patientszz’zg, detection of such mutations may be not
sufficient to confirm a neoplastic origin of the mono-
cytosis;** hence, there is a need to develop a diagnostic
tool available as of peripheral blood examination. We
showed 3 years ago that the “monocyte assay” was very
effective in distinguishing CMML from reactive mono-
cytosis. As an increasing number of laboratories regularly
request our advice for raw data file interpretation, we
thought of carrying out a survey focused on the practices
of this test in France. This study reveals a strong adhesion
of the French laboratories to the “monocyte assay” with 30
user centers. The number of tests performed in the dif-
ferent laboratories are heterogeneous, half of them using
it three to six times a month. This low frequency reflects a
targeted use of the “monocyte assay” in a context of
CMML suspicion, and not a systematic use of this test for
monocytosis management. Indeed, this mutiparameter
flow cytometry assay may hardly be performed for each
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peripheral blood sample displaying an absolute monocyte
count>1x 10°/L. In this regard, we proposed a new
application of the Hematoflow™ solution®® (Beckman-
Coulter, Brea, CA) which provides white blood -cell
(WBC) differentials by flow cytometry”® and allows the
quantification of the CD16-negative monocyte fraction at
the very same time. Hence, it provides a useful approx-
imation of the cMo percentage and may easily detect
samples that are suspected of being CMML and thus
require further exploration by the “monocyte assay”.

This original study published in 2015 included a mul-
ticenter validation of this test carried out by three
laboratories with a standardized protocol. We sought here
to validate the use of the “monocyte assay” by indepen-
dent centers which were not part of the initial study and
without prior standardization. The only criterion for
center selection was the total number of tests performed
and the antibody panel exclusion design, which should
contain markers for both NK cells and immature granu-
locytes as these latter populations may overlap with ncMo
and lead to a cMo percentage underestimation in the case
of flawed exclusion. Thus, laboratories that were in
training or that had just implemented the “monocyte
assay” were not included. The type of flow cytometer was
not a selection criterion since both Becton-Dickinson
(LSR II) and Beckman-Coulter (Navios) instruments were
used in our previous studies®'!. By chance, the five
selected centers all used Navios instruments (Beckman-
Coulter).

We received 329 files flow cytometry raw data with the
corresponding cMo percentages and decided to duplicate
their blind centralized analysis by a trainee operator and a
skilled one in order to evaluate the easiness of the gating
strategy once it has been set up. Both analyses were
extremely correlated with very few discordant files. The
cMo percentages arising from this agreement showed a
very good global correlation with the cMo percentages
provided by centers. Furthermore, the absence of major
bias was a key input of this study, as the “monocyte assay”
interpretation is related to a cutoff value.

Hence, we decided to focus on the agreement of the
cMo percentages below or above the 94% threshold. Only
18 out of the 329 files were discordant. Most of them were
due to an insufficient number of cMo events acquired.
Indeed, in this case, the separation of the cMo and the
iMo populations may be tricky. We highlight here the
usefulness of the density plot representation for the “cMo
gate” delineation. Further exchange with the center E that
provided the highest number of files with cMo events
below 10,000 unveiled that only 50 ul of total blood had
been used instead of 200 ul as recommended. These
results highlight the importance of the pre-analytical
conditions for the “monocyte assay” implementation.
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An accumulation of cMo = 94% was observed in 44 of
the 47 CMML, indicating a sensitivity of 93.6% according
to previous results. The three false negatives showed a
specific abnormal profile, drawing a “bulbous aspect” on
the CD14/CD16 dot plot, related to an increase of the iMo
subset combined to the disappearance of the ncMo
population, which has been recently described in CMML
patients with an inflammatory state''. Concurrent cases of
autoimmune diseases and/or systemic inflammatory syn-
dromes have been reported in 20% of CMML patients®”.
In such cases, an increase of the iMo subset can lead to an
underestimation of the relative cMo percentage, which
drops below the 94% threshold''. Considering the three
false-negative cases as genuine CMML, we obtained a
“corrected” sensitivity of 100%. A specificity of 89.7% was
calculated with five false positives (i.e., non-CMML
patients with cMo >94%) consisting of four reactive
monocytosis and one MDS. Interestingly, a relative
accumulation of cMo = 94%, i.e., “a CMML-like signature”
was described in roughly one-third of myelodysplastic
syndromes at diagnosis”"', a fraction of them being able
to evolve into a genuine CMML''. These data highlighted
the significance of the monocyte component in MDS
reported by different studies. MDS with a relative
monocytosis®®, i.e, monocytes accounting for 10% of
peripheral leukocytosis yet below 1 x 10°/L or MDS with
marrow monocytosis>’, display a similar clinicopathologic
and mutational profile to classical CMML***°, Further
investigations are needed to characterize these early stages
of CMML which do not currently fulfill the WHO cri-
terion of monocytosis > 1 x 10°/L.

Eventually, this new independent cohort of patients
allowed us to challenge the previous 94% threshold
established in 2015°. The AUROC test performed using
these new data led yet again to a 94% cutoff value of cMo,
highlighting the robustness of this threshold.

The simplicity of the “monocyte assay”, performed on
whole-blood sample with a limited number of antibodies,
the antibody exclusion panel not being imposed, and the
ease of interpretation confirmed by the centralized review
have favored the implementation of this phenotypic test
in 30 laboratories in France. Our study confirms the
successful multicenter use of this flow cytometry test,
provided a minimum of 10,000 events were analyzed. This
analysis demonstrates a low variability of cMo percentage
quantification and validates the previously proposed 94%
cutoff value, defining a robust, sensitive, and specific
assay. Compared with genetic analyses, the simplicity of
this flow cytometry approach may be likely increasingly
widespread®, pending the demonstration of its clinical
benefit that requires a prospective, international multi-
center study.

Blood Cancer Journal

Page 9 of 10

Acknowledgements

The authors are indebted to all the surveyed French participants: Carmen
Mariana Aanei (Saint-Etienne), Cédric Aumont (Le Kremlin-Bicétre), Valérie
Bardet (Boulogne), Blandine Benet (Metz), Elsa Bera (Rouen), Carole Bourdin (La
Martinique), Sabrina Bouyer (Poitiers), Caroline Bret (Montpellier), Caren Brumpt
(Paris Lariboisiére), Sophie Brun (Nimes), Corine Brunet (Marseille La
Conception), Caroline Buors (Brest), Béatrice Caron (Saint-Ouen), Edouard
Cornet (Caen), Agathe Debliquis (Mulhouse), Francine Garnache-Ottou
(Besancon), Franck Genevieve (Angers), Estelle Guerin (Limoges), Helley
Dominique (Paris HEGP), Marie-Christine Jacob (Grenoble), Elisabeth Kerneis
(Avignon), Sébastien Lachot (Tours), Caroline Lafon (Reims), Véronique Latger-
Cannard (Nancy), Magali Le Garff-Tavernier (Paris Pitié-Salpétriere), Eric Legac
(Orléans), Pierre Lemaire(Le Mans), Rémi Letestu (Bobigny), Ludovic Lhermitte
(Paris Necker), Anne-Catherine Lhoumeau (Marseille IPC), Marie Loosveld
(Marseille La Timone), Stéphanie Mathis (Paris Saint-Louis), Caroline Mayeur-
Rousse (Strasbourg), Michaél Peres (Toulouse), Adriana Plesa (Lyon), Alessandra
Rosenthal-Allieri (Nice), Véronique Saada (Villejuif IGR), Ludovic Suner (Paris
Saint-Antoine), Richard Veyrat-Masson (Clermont-Ferrand), Jean-Philippe Vial
(Bordeaux), and Soraya Wuilleme (Nantes).

Author contributions

S.T. sent the questionnaires, collected data, analyzed raw data files with O.W.-B,,
drew the figures, and helped writing the paper. V.H, F.D, JG, MR, and AM.
provided raw data files and clinical data. N.C, P.F, and ES. critically reviewed
the article. D.5-B. and O.W.-B. both conceived the study, analyzed data, and
wrote the paper. All authors revised and approved the paper.

Conflict of interest
ES, OW-B, and D.S-B. have a patent issued, relevant to the work. The
remaining authors declare no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 11 July 2018 Revised: 29 September 2018 Accepted: 15 October
2018
Published online: 14 November 2018

References

1. Arber, D. A et al. The2016 revision to the world health organization classifi-
cation of myeloid neoplasms and acute leukemia. Blood 127, 2391-2405
(2016).

2. Swerdlow, S. H. et al. (Eds). WHO Classification of Tumours of Haematopoietic
and Lymphoid Tissues (Revised 4th edition). IARC: Lyon, 2017.

3. Onida, F. et al. Management recommendations for chronic myelomonocytic
leukemia: consensus statements from the SIE, SIES, GITMO groups. Haema-
tologica 98, 1344-1352 (2013).

4. Selimoglu-Buet, D. & Solary, E. Chronic myelomonocytic leukemia prognostic
classification and management: evidence base and current practice. Curr.
Hematol. Malig. Rep. 9, 301-310 (2014).

5. Orazi, A. & Germing, U. The myelodysplastic/myeloproliferative neoplasms:
myeloproliferative diseases with dysplastic features. Leukemia 22, 13081319
(2008).

6. Droin, N. et al. Alpha-defensins secreted by dysplastic granulocytes inhibit the
differentiation of monocytes in chronic myelomonocytic leukemia. Blood 115,
78-88 (2010).

7. Yoshida, K et al. Frequent pathway mutations of splicing machinery in
myelodysplasia. Nature 478, 64-69 (2011).

8. Selimoglu-Buet, D. et al. Characteristic repartition of monocyte subsets as a
diagnostic  signature of chronic myelomonocytic leukemia. Blood 125,
3618-3626 (2015).

9. Talati, C. et al. Monocyte subset analysis accurately distinguishes CMML from
MDS and is associated with a favorable MDS prognosis. Blood 129, 1881-1883
(2017).



Tarfi et al. Blood Cancer Journal (2018)8:114

20.

21.

Patnaik, M. M. et al. Flow cytometry based monocyte subset analysis accu-
rately distinguishes chronic myelomonocytic leukemia from myeloproliferative
neoplasms with associated monocytosis. Blood Cancer J. 7, 584 (2017).
Selimoglu-Buet, D. et al. Accumulation of classical monocytes defines a sub-
group of MDS that frequently evolve into CMML. Blood 130, 832-835 (2017).
Ball, M, List, A. F. & Padron, E. When clinical heterogeneity exceeds genetic
heterogeneity: thinking outside the genomic box in chronic myelomonocytic
leukemia. Blood 128, 2381-2387 (2016).

Greenberg, P. L. The classical nature of distinctive CMML monocytes. Blood
129, 1745-1746 (2017).

Ziegler-Heitbrock, L. et al. Nomenclature of monocytes and dendritic cells in
blood. Blood 116, €74-e80 (2010).

Wong, K. L. et al. Gene expression profiling reveals the defining features of the
classical, intermediate, and nonclassical human monocyte subsets. Blood 118,
el6-e31 (2011).

Wong, K L. et al. The three human monocyte subsets: implications for health
and disease. Immunol. Res 53, 41-57 (2012).

Such, E. et al. Cytogenetic risk stratification in chronic myelomonocytic leu-
kemia. Haematologica 96, 375-383 (2011).

Jankowska, A. M. et al. Mutational spectrum analysis of chronic myelomo-
nocytic leukemia includes genes associated with epigenetic regulation: UTX,
EZH2, and DNMT3A. Blood 118, 3932-3941 (2011).

ltzykson, R. et al. Clonal architecture of chronic myelomonocytic leukemias.
Blood 121, 2186-2198 (2013).

Kon, A. et al. Recurrent mutations in multiple components of the cohesin
complex in myeloid neoplasms. Nat. Genet 45, 1232-1237 (2013).
Merlevede, J. et al. Mutation allele burden remains unchanged in chronic
myelomonocytic leukaemia responding to hypomethylating agents. Nat.
Commun. 7, 10767 (2016).

Blood Cancer Journal

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 10 of 10

Xie, M. et al. Age-related mutations associated with clonal hematopoietic
expansion and malignancies. Nat. Med 20, 1472-1478 (2014).

Jaiswal, S. et al. Age-related clonal hematopoiesis associated with adverse
outcomes. N. Engl. J. Med 371, 2488-2498 (2014).

Steensma, D. P. et al. Clonal hematopoiesis of indeterminate potential and its
distinction from myelodysplastic syndromes. Blood 126, 9-16 (2015).
Vazquez, R. et al. High sensitivity of the hematoflowT" solution for chronic
myelomonocytic leukemia screening. Cytometry B Clin Cytom 94, 658-661
(2018).

Roussel, M, Benard, C, Ly-Sunnaram, B. & Fest, T. Refining the white blood cell
differential: the first flow cytometry routine application. Cytom. A 77, 552-563
(2010).

Zahid, M. F. et al. Spectrum of autoimmune diseases and systemic inflam-
matory syndromes in patients with chronic myelomonocytic leukemia. Leuk.
Lymphoma 58, 1488-1493 (2017).

Rigolin, G. M, Cuneo, A, Roberti, M. G, Bardi, A. & Castoldi, G. Myelodysplastic
syndromes with monocytic component: hematologic and cytogenetic char-
acterization. Haematologica 82, 25-30 (1997).

Schuler, E. et al. Myelodysplastic syndromes without peripheral monocytosis
but with evidence of marrow monocytosis share clinical and molecular
characteristics with CMML. Leuk. Res 65, 1-4 (2018).

Geyer, J. T. et al. Oligomonocytic chronic myelomonocytic leukemia (chronic
myelomonocytic leukemia without absolute monocytosis) displays a similar
clinicopathologic and mutational profile to classical chronic myelomonocytic
leukemia. Mod Pathol 9, 1213-1222 (2017).

Hudson, C. A, Burack, W. R. & Bennett, J. M. Emerging utility of flow cytometry
in the diagnosis of chronic myelomonocytic leukemia. Leuk. Res 73, 12-15
(2018).



	Multicenter validation of the flow measurement of classical monocyte fraction for chronic myelomonocytic leukemia diagnosis
	Introduction
	Methods
	Survey
	Flow cytometry raw data
	Biological and demographic parameters of the patients
	Statistical analysis
	Ethics committee

	Results
	Most of the surveyed French centers use routinely the &#x0201C;monocyte assay&#x0201D;
	Excellent correlation of cMo percentages
	Excellent agreement of cMo percentages related to the threshold value of 94% cMo
	Multicenter validation of the 94% cMo threshold

	Discussion
	ACKNOWLEDGMENTS




