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LETTER TO THE EDITOR

TET2 mutational status affects myelodysplastic syndrome

evolution to chronic myelomonocytic leukemia

According to the 4% iteration of the World Health Organ-
ization (WHO) classification that came out in 2017, a diag-
nosis of chronic myelomonocytic leukemia (CMML) still
required a persistent absolute (21x10°/L) and relative
(210% of white blood cell [WBC] count) monocytosis.
Nevertheless, several reports suggested that up to 30% of
myelodysplastic syndrome (MDS) evolved into genuine
CMML, raising for many years the question of a “pre-
CMML” state.? An oligo-monocytic CMML entity was sub-
sequently described in patients displaying a relative
monocytosis with an absolute monocyte count between
0.5x10°/L and 1x10°/L,** providing a rationale to revise
CMML diagnosis criteria in the recent 5™ edition of the
WHO classification that considers a relative monocytosis
210% of WBC and an absolute monocyte count
>0.5x10°%/L.° An increased fraction of circulating classical
monocytes (cMO, defined by flow cytometry as
CD14**CD16" fraction) =94%, which was shown to distin-
guish CMML from reactive monocytosis,® was included as
a supportive criterion for CMML diagnosis. Notwithstand-
ing these new diagnosis criteria, MDS with bone marrow
(BM) monocyte infiltration could represent another group
of pre-CMML. The present longitudinal study aims at
identifying robust predictors of MDS evolution to “overt”
CMML.

Between 2018 and 2020, flow cytometry analysis of mono-
cyte subset partition was performed in 44 patients with
non-treated MDS and were included in a learning cohort
together with 22 CMML patients (Table 1). In a control
group of 19 patients with established, non-treated CMML
according to the 2017 WHO classification, flow cytometry
analysis of monocyte subsets mostly showed a relative
accumulation of cMO 294% of total circulating
monocytes.” The same flow analysis in patients with an
MDS diagnosis showed an increase in the fraction of cMO
294% in 18 of 44 (41%) patients, a proportion consistent
with a previous report! These cases were defined as
“CMML-like MDS”, while MDS cases without an increase
in the fraction of cMO 294% were designated as “other
MDS” (n=26) (Table 1; Figure 1A, B).

Patients with a CMML-like MDS were older than other
MDS patients (P=0.03, unpaired t test with Welch’s cor-
rection). They showed a significantly higher monocyte per-
centage in their peripheral blood (PB) (13.3+1.5%) and BM
(7£1%) as compared with other MDS patients (PB:
8.811.1%, P=0.0226; BM: 3+0.2%, P=0.0098; unpaired t test
with Welch’s correction) while the absolute monocyte
count (AMC) and the Revised International Prognostic

Scoring System (R-I1PSS) did not differ significantly be-
tween the two groups (Figure 1A; Table 1).
Granulocyte-macrophage colony-stimulating factor (GM-
CSF) hypersensitivity was previously identified in approxi-
metely 90% of CMML patients.® In a standard clonogenic
assay supplemented with stem cell factor (SCF), erythro-
poetin (EPO), interleukin 3 (IL-3), and GM-CSF, we ob-
served a higher proportion of colony-forming unit
granulocyte-macrophage (CFU-GM) as compared with
burst-forming unit-erythroid (BFU-E) cells in CMML
(78.91£5.9%; P=0.0009; Mann-Whitney test), CMML-like
MDS (71.217.5%; P=0.0006, Mann-Whitney test) and in
other MDS (63.7£7.2%; P=0.0159, Mann-Whitney test) (Fig-
ure 1C) showing a granulomonocytic differentiation bias.
Without GM-CSF, growth factor-independent colony
formation was barely detectable in MDS samples, with or
without abnormal partition of monocyte subsets. Never-
theless, at low concentrations of GM-CSF, we detected an
increased sensitivity of CMML-like MDS progenitor
samples to GM-CSF as compared with those from other
MDS, at both 0.1 ng/mL (P=0.048, Mann-Whitney test) and
1 ng/mL (P=0.0025; Mann-Whitney test) of GM-CSF (Figure
1D).

The mutational profile was analyzed at diagnosis or during
follow-up by next-generation sequencing (NGS) using a
targeted panel of 38 genes recurrently mutated in myeloid
malignancies as previously described.® The mean number
of mutations per sample in CMML-like MDS patients
(3.5+£0.2) was the same as that of CMML patients (3.5%0.3)
and significantly higher than that of other MDS patients
(1.7£0.3; P<0.0001, unpaired t test with Welch’s correction).
In the learning cohort, TET2 was the most frequently mu-
tated gene in the three groups of patients, with a similar
proportion of patients carrying at least one TET2 mutation
in CMML (68.2%) and CMML-like MDS (66.7%) (P=0.92, X2
test) while this proportion was lower in other MDS (34.6%;
P=0.036, X? test) (Figure 1E).

Sixty-eight TET2 mutations were identified in the learning
cohort, including 52 (76.5%) truncating mutations, 14
(20.6%) missense mutations and two splice site mutations
(2.9%). Truncating mutations were widely spread on the
entire protein, while missense mutations were only lo-
cated in the active domain of TET2: two in the Cys-N do-
main, two in the Cys-R domain, two in the low complexity
insert, and eight in the double-stranded p-helix domain
(DSBH) domain (Figure 2A). Among patients carrying TET2
mutations, multiple TET2 mutations were much more fre-
quent among CMML (14/15, 93.3%) and CMML-like MDS
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Table 1. Clinical and biological characteristics of the learning cohort.

MDS
CMML

Total CMML-like MDS Other MDS P
Patients, N 22 44 18 26 -
Age in years, mean (SD) 68.4 (2.5) 72.0 (1.8) 76.3 (2.5) 69.0 (2.5) <0.05
Male, N (%) 17 (77.2) 26 (55.3) 12 (66.7) 15 (53.8) 0.2339
Hemoglobin g/dL, mean (SD) 12.2 (0.5) 10.9 (0.3) 10.4 (0.6) 11.3 (0.4) 0.0589
Platelets x10°%L, mean (SD) 167 (22) 178 (19) 178 (35) 177 (23) 0.7353
WBC x10°/L, mean (SD) 10.5 (1.2) 4.7 (0.4) 4.5 (0.6) 4.6 (0.5) < 0.001
ANC x10°/L, mean (SD) 5.4 (0.9) 2.6 (0.3) 2.7 (0.5) 2.7 (0.4) <0.05
AMC x10°%L, mean (SD) 2.5(0.4) 0.5 (0.0) 0.5 (0.1) 0.4 (0.1) < 0.001
Blood monocytes %, mean (SD) 24.9 (2.1) 10.6 (0.9) 13.3 (1.5) 8.8 (1.1) < 0.001
Marrow monocytes %, mean (SD) 11 (1) 4 (1) 7(1) 3(0.2) < 0.001
Marrow blasts %, mean (SD) 8 (1) 7 (1) 7(1) 6 (1) 0.0889
Mean MO1 fraction %, (SD) 95.5 (0.7) 88.0 (1.5) 96.9 (0.3) 82.1 (1.7) < 0.001
Patients with cMo =94%, N (%) - 18 (40.9) - - -
De novo diagnosis, N (%) 13 (59.1) 23 (52.3) 11 (61.1) 12 (46.2) -
IPSS-R (%) - 39 (88.6) 14 (77.8) 25 (96.2) 0.31
Very low IPSS-R, N (%) - 5(12.8) 2(14.3) 3(12.0) -
Low IPSS-R, N (%) - 18 (46.2) 4 (28.6) 14 (56.0) -
Intermediate IPSS-R, N (%) - 10 (25.6) 5(35.7) 5 (20.0) -
High IPSS-R, N (%) - 4 (10.3) 2(14.3) 2(8.0) -
Very high IPSS-R, N (%) - 2(5.1) 1(7.1) 1(4.0) -
CPSS, N (%) 21 (95.5) - - - -
Low CPSS, N (%) 0 (0.0) - - - -
Intermediate-1 CPSS, N (%) 9 (42.8) - - - -
Intermediate-2 CPSS, N (%) 6 (28.6) - - - -
High CPSS, N (%) 6 (28.6) - - - -

Myelodysplastic syndrome (MDS) patients have been classified into chronic myelomonocytic leukemia (CMML)-like MDS and other MDS ac-
cording to the presence or absence of classical monocytes (cMO) accumulation 294%. Comparisons between CMML, CMML-like and other
MDS patients were made using the Kruskal-Wallis test and Chi2 test. SD: standard deviation; WBC: white blood cell count; ANC: absolute
neutrophil count; AMC: absolute monocyte count; IPSS-R: revised International Prognostic Scoring System; CPSS: CMML-specific prognostic

scoring.

(10/12, 83.3%) compared to other MDS (2/9, 22.2%) pa-
tients (P=0.0007 and P=0.0092 respectively, Fisher’s exact
test) (Figure 2B). The multiple mutations found in CMML
and CMML-like MDS patients often showed very similar
allelic ratio at around 0.5 and were eventually detected
with several additional minor subclones. When CMML-like
MDS patients carried a single mutation, the corresponding
variant allele frequency (VAF) was above 50% (Figure 2C)
indicative of a loss of heterozygosity (LOH). Overall, ten of
12 CMML-like MDS patients carrying TET2 mutations had,

therefore, mutation VAF indicative of a bi-allelic inactiv-
ation of TET2, which was observed in only one of nine
MDS patients without accumulation of cMO (Figure 1E;
Figure 2C; Online Supplementary Table S2).

We previously showed that about 50% of MDS patients
with ¢cMO accumulation progressed to genuine CMML
within 1 year! In the present study, among untreated MDS
patients with at least 1 year of follow-up (n=21/44), we ob-
served that 55.6% (n=5/9) of CMML-like MDS patients
progressed to overt CMML (median follow-up 49 months).
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Figure 1. A subgroup of myelodysplastic syndromes shares some common features with chronic myelomonocytic leukemia. (A)
Comparison of classical monocyte (cMO) percentage in peripheral blood (PB) (upper left panel) including patients with a bulbous
aspect associated to chronic myelomonocytic leukemia (CMML) with an inflammatory state (N=3, purple stars), monocyte per-
centage in PB (upper right panel), absolute PB monocyte count (AMC) (lower left panel) and monocyte percentage in bone marrow
(lower right panel) among “other” myelodysplastic syndromes (MDS) (N=26, blue circles), “CMML-like” MDS (N= 18, green circles)
and CMML patients (N=22, purple circles). (B) Examples of monocyte subset repartition in PB analyzed by flow cytometry in
“other” MDS with no cMO accumulation (upper panel), while cMO >94% is displayed for CMML (middle panel) and “CMML-like”
MDS (lower panel) patients. (C) Comparison of the proportion of erythroid colonies (BFU-E, solid circles) and granulo-monocytic
colonies (CFU-GM, empty circles) obtained with colony-forming cell assay (CMML; P=0.0009; CMML-like MDS P=0.0006 and in
other MDS P=0.0159, Mann-Whitney test). For each patient, 10®* CD34" enriched cells (N=17, CD34 Microbeads Kit, Miltenyi Biotec)
or 7x10* bone marrow mononuclear cells (N=3) were seeded in duplicate in a methylcellulose based-medium with growth factors
(Methocult H4434, STEMCELL Technologies) for 14 days at 37°C with 5% CO,. Results are expressed as the percentage of all col-
onies formed by at least 50 cells for “other” MDS (N=5), “CMML-like” MDS (N=7) and CMML (N=8) patients. (D) Colony-forming
unit granulocyte-macrophages (CFU-GM) obtained after colony-forming cell assay with the same input cell numbers were seeded
in methylcellulose without growth factors (Methocult H4230, STEMCELL Technologies) at various concentrations of granulocyte-
macrophage stem cell factor (GM-CSF) (Sandoz; 0 ng/mL, 0.1 ng/mL and 1 ng/mL). Results are expressed as the percentage of
CFU-GM found compared to control cultures supplemented with growth factors (50 ng/mL SCF, 10 ng/mL IL-3, 3 U/mL erythro-
poietin [EPQO], and GM-CSF 10 ng/mL, Methocult H4434, STEMCELL Technologies). The upper 95% confidence interval (Cl) of the
average percentage of normalized colonies derived from “other” MDS patients was calculated for each concentration of GM-CSF
tested and used as a cut-off to classify CMML and CMML-like MDS progenitors as hypersensitive. (E) Mutational landscape of
CMML, “CMML-like” MDS, and “other” MDS patients included in the learning cohort. Each column represents a patient. Vertical
black bars show the total number of mutations detected. Horizontal black bars show the percentage of patients harboring at
least one mutation for each gene out of all the patients included in the study. The first line depicts the absence (white square)
or the presence of a relative accumulation of cMO 294% (green square); an abnormal distribution of monocyte subsets with a
bulbous profile associated to CMML with an inflammatory state is represented by a green square with a white asterisk. One pa-
tient (represented as a green square with a black asterisk) had an uninterpretable flow cytometry profile due to paroxysmal
nocturnal hemoglobinuria. Repartition of monocyte subsets was not available for two patients diagnosed in 2009. Normal ka-
ryotype, complex karyotype, and other cytogenetic profiles are shown as light blue square, dark blue square, and blue square,
respectively. Revised International Prognostic Scoring System (IPSS-R) score for MDS patients and CMML-specific prognostic
scoring (CPSS) score for CMML patients are depicted as low-risk profile (IPSS-R <3 and CPSS <1, light purple square) or high-
risk profile (IPSS-R >3 and CPSS >2, dark purple square). In the mutation heatmap, the absence of mutation is shown by a light
grey square, one mutation by a yellow square, and multiple mutations by a red square. Multiple mutations are defined by either
several gene mutations or a single mutation with a variant allelic frequency (VAF) above 65%. Analysis not performed or unin-
terpretable results are shown as a dark grey square.

This rate progression to CMML was significantly higher
compared with other MDS patients (1/12; 8.3%) (P=0.0393,
log-rank test) (Figure 2D). Of note, CMML-like MDS pa-
tients overall survival was significantly reduced compared
with other MDS patients (P=0.0483; log-rank test) (Figure
2E). This result would need further validation in larger in-
dependent cohorts.

We next stratified MDS patients from the learning cohort
according to the presence of multiple TET2 mutations
(Figure 2F). MDS patients carrying multiple TET2 muta-
tions had a significantly increased percentage of periph-
eral blood (15.8%1.8%; P=0.0025, unpaired t test with
Welch’s correction) and BM (8+2%; P=0.0078, unpaired t
test with Welch’s correction) monocytes compared with
other MDS patients. They were significantly older
(P=0.0269, unpaired t test with Welch’s correction) and
also showed a reduced CMML progression-free survival
(P=0.0015, log-rank test) (Figure 2G) with a median pro-
gression-free survival estimated at 3 months. Interest-
ingly, the unique MDS patient without cMO accumulation
who progressed to CMML had multiple TET2 mutations.
This result was further confirmed with multicenter vali-
dation cohort of 39 untreated MDS patients (P=0.0016,
log-rank test), including 14 patients with multiple TET2
mutations whose biological features were similar to those

from the learning cohort (Figure 2H; Online Supplementary
Figure S7; Online Supplementary Table S7).

Finally, among all MDS patients analyzed in the learning
and validation cohorts, TET2"7T (n=4) was significantly as-
sociated with evolution to CMML (P=0.008, LASSO penal-
ized regression).

Recent evolution of myeloid disease classification inte-
grates so-called oligomonocytic CMML,® which exhibits
characteristic CMML features* by decreasing the cut-off
value that defines an absolute monocytosis to 0.5x10°/L.®
The present study demonstrates that flow cytometry
analysis of monocyte subsets in the PB, typically showing
an accumulation of cMO >294% of total monocytes,*™ to-
gether with typical combinations of somatic gene muta-
tions, detects an additional number of CMML whose initial
features are those of an MDS. Their genetic and epigenetic
features already point to a CMML, while the characteristic
increase in absolute and relative monocyte count will be
observed several months or years later.! While early identi-
fication of an overlap myelodysplastic/myeloproliferative
neoplasm (MDS/MPN) may currently have a limited thera-
peutic impact, these entities deserve to be identified as
they may indicate higher risk evolution with decreased
survival.® In the present study, the MDS to CMML evolution
was evaluated in patients that didn’t receive hypomethyl-
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Figure 2. TET2 mutational status and myelodysplastic syndrome evolution to chronic myelomonocytic leukemia. (A) Lollipop
diagram showing mutation distribution across the TET2 protein in the learning cohort. Sixty-eight mutations from 36 patients
are plotted (nonsense mutations are shown in black, frameshift mutations in pink, and missense mutations in green). (B) Patients
harboring multiple mutations of TET2 gene in the 3 subgroups, expressed in percentage among “other” myelodysplastic syn-
dromes (MDS) patients (N=26, blue), “chronic myelomonocytic leukemia (CMML)-like” patients (N=18, green), and CMML patients
(N=22, purple). (C) Distribution of variant allelic ratios of TET2 mutations in the 3 subgroups. Each mutation is shown as a circle
for each patient identified by their unique patient number (UPN). The dotted vertical line represents the 50% variant allele fre-
guency (VAF) threshold. (D) Kaplan-Meier CMML progression-free survival (PFS) in “CMML-like” MDS (N=9, green line) and “other”
MDS (N=12; blue line). (E) Kaplan-Meier overall survival (0OS) in “CMML-like” MDS (N=9; green line) and “other” MDS (N=12; blue
line). (F) Monocytes percentage (upper left panel) and AMC (upper right panel) in peripheral blood (PB), monocyte percentage in
bone marrow (BM) (lower left panel), and percentage of circulating classical monocyte (cMO) (lower right panel) in the 4 subgroups
defined according to their molecular profile: MDS patients carrying multiple TET2 mutations (solid red circle) or 1 mutation or
no TET2 mutation (open black circle) and CMML patients carrying multiple TET2 mutations (solid purple circle) or 1 mutation or
no TET2 mutation (open purple circle). (G) Kaplan-Meier CMML PFS of MDS patients carrying multiple TET2 mutations (N=6, red
line) or one mutation or no TET2 mutation (N=15, black line) in the learning cohort. Multiple mutations are defined by several
mutations affecting TET2 or a unique mutation with a VAF >65%. (H) Kaplan-Meier CMML PFS of MDS patients carrying multiple
TET2 mutations (N=14, red line) or 1 mutation or no TET2 mutation (N=25, black line) in the validation cohort. In (D, E, G, and H)
only patients with a minimal 12-month follow-up were included in the analysis. Patients who received hypomethylating agents

after PB monocyte phenotyping were censured.

ating agents or hematopoietic stem cell transplantation.
In the future, revisiting the boundaries between MDS and
CMML may guide therapeutic approaches targeting the
proliferative and highly inflammatory component of CMML
to slow down its clinical progression.

As proof of the proliferative component of the disease,
CFU-GM hypersensitivity to GM-CSF was observed in both
CMML-like MDS and CMML patients and comparable to
those previously reported in juvenile myelomonocytic
leukemia and CMML.2 Myeloid colony formation becomes
independent of growth factors in a subset of highly pro-
liferative CMML patients, which commonly correlates with
clonal evolution including the acquisition of RAS pathway
mutations,” and is associated with an inferior outcome.”
In the present study, GM-CSF hypersensitivity was ident-
ified in patients who didn’t carry signaling mutations. The
NGS panel covered most of the recurrently mutated sig-
naling genes described in myeloid malignancies except
NFT1. Interestingly, a previous study showed efficient in-
hibition of CMML cell growth using an anti-GM-CSF anti-
body regardless of signaling gene mutations.®

Clonal architecture analysis showed that TET2 mutation
is often the first hit in CMML,"® and bi-allelic TET2 inactiv-
ation may be a key event in driving the disease phenotype,
either oligo-CMML or the full-blown disease.** We noticed
that the most frequent TET2 missense mutation TET277,
was associated with bi-allelic alteration of TET2 and
identified as a significantly independent factor of CMML
evolution. TET27T is located in a conserved region of the
DSBH domain, and its functional impact is still only par-
tially understood.

In conclusion, a combination of phenotypic, genomic and
functional features defines a subset of MDS patients who
may eventually evolve into CMML, revisiting the bound-
aries between MDS and MDS/MPN and potentially defining
a subgroup of patients with a poorest outcome.® It may
guide future therapeutic strategies targeting the prolifer-

ative and highly inflammatory component of CMML to
slow down its clinical progression, such as lenzilumab, an
anti-GM-CSF monoclonal antibody. These results also
point to the usefulness of combining flow cytometry of
peripheral blood monocyte subsets and analysis of their
mutational status to better classify patients with dys-
plastic features.™
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