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KEY PO INT S

� TET2 mutations are
present in 28% of
chronic NK-LGL
leukemia, and TET2
promoter methylation
is also detected.

� TET2 and STAT3
mutated singly or
comutated are
associated with
distinct patterns of
cytopenias, as well
as response to
immunosuppressives.

Chronic natural killer large granular lymphocyte (NK-LGL) leukemia, also referred to as
chronic lymphoproliferative disorder of NK cells, is a rare disorder defined by prolonged
expansion of clonal NK cells. Similar prevalence of STAT3 mutations in chronic T-LGL and
NK-LGL leukemia is suggestive of common pathogenesis. We undertook whole-genome
sequencing to identify mutations unique to NK-LGL leukemia. The results were analyzed
to develop a resequencing panel that was applied to 58 patients. Phosphatidylinositol
3-kinase pathway gene mutations (PIK3CD/PIK3AP1) and TNFAIP3 mutations were seen
in 5% and 10% of patients, respectively. TET2 was exceptional in that mutations were pre-
sent in 16 (28%) of 58 patient samples, with evidence that TET2mutations can be dominant
and exclusive to the NK compartment. Reduced-representation bisulfite sequencing
revealed that methylation patterns were significantly altered in TET2 mutant samples. The
promoter of TET2 and that of PTPRD, a negative regulator of STAT3, were found to be
methylated in additional cohort samples, largely confined to the TET2 mutant group.
Mutations in STAT3 were observed in 19 (33%) of 58 patient samples, 7 of which had
concurrent TET2 mutations. Thrombocytopenia and resistance to immunosuppressive

agents were uniquely observed in those patients with only TET2 mutation (Games-Howell post hoc test, P 5 .0074;
Fisher’s exact test, P 5 .00466). Patients with STAT3 mutation, inclusive of those with TET2 comutation, had lower
hematocrit, hemoglobin, and absolute neutrophil count compared with STAT3 wild-type patients (Welch’s t test, P �
.015). We present the discovery of TET2 mutations in chronic NK-LGL leukemia and evidence that it identifies a unique
molecular subtype.

Introduction
Chronic natural killer large granular lymphocyte (NK-LGL) leuke-
mia is a rare disorder defined by prolonged expansion of clonal
NK cells. It is recognized by the World Health Organization
2016 classification as the provisional entity chronic lymphoprolifer-
ative disorder of NK cells.1 The clinical presentation of persistent
NK cell expansion and associated symptoms such as cytopenias
are shared with chronic T-cell LGL (T-LGL) leukemia.2,3 The semi-
nal discovery of STAT3mutations in chronic T-LGL leukemia4 and
subsequent similar findings in chronic NK-LGL leukemia have sug-
gested a common pathogenesis.5 However, research in chronic
NK-LGL leukemia has been biased in that discovery is often per-
formed in patients having predominatly T-LGL leukemia. For
example, in the largest published LGL leukemia exome study to

date, encompassing 19 exomes, only 3 were of the chronic
NK-LGL type.6

Multiple correlations have been observed between STAT3 muta-
tions and clinical behavior in chronic T-LGL leukemia, including the
association between Tyr640Phe STAT3 mutations and favorable
response to methotrexate (MTX),7 and the association of STAT3
mutations with neutropenia.8 Recently, associations between
STAT3 mutations and cytopenias have been reported in chronic
NK-LGL leukemia in several studies involving small numbers of
patients. These results include a statistically significant reduction in
hemoglobinanda trend toward lowerneutrophil count,9 and further
evidenceof linkagebetweenneutropenia andSTAT3mutation.10,11

Here, we report clinical correlations from a cohort that exceeds the
combined patient numbers of these previous studies.
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The TET2 enzyme converts themodified base 5-methylcytosine to
5-hydroxymethylcytosine, a step in the cascade that demethylates
DNA. TET2 is known to be recurrently mutated in childhood12 and
adult13 acutemyeloid leukemia (AML). TET2mutation is also prev-
alent in myelodysplastic syndrome and nearly half of all cases of
the related chronic myelomonocytic leukemia.14 Other than frank
leukemia, TET2 is heavily involved in age-related clonal outgrowth
in the hematopoietic compartment.15-19 However, in this condi-
tion, TET2 mutation has been shown to have a distinct myeloid
and B-cell proliferation bias with a complete lack of mutant-
derived T-cell proliferations.20 It is possible this bias affects the
common precursor of T and NK cells, which would dictate that
TET2mutations in these lymphoid cells are predominantly periph-
erally acquired. Mutations in TET2 or other methylation pathway
enzymes in the lymphoid compartment are observed in peripheral
T-cell lymphoma.21,22 In LGL leukemia, TET2 mutation has been
reported in 1 patient of an Italian NK-LGL cohort23 and in 1
T-LGL leukemia case report.24

In the current study, we present results from what is currently the
largest chronic NK-LGL mutation discovery cohort of 7 whole-
genome sequencing (WGS) samples, with validation by targeted
resequencing in 51 additional samples. We discovered that TET2
is frequently mutated and that the mutations change the methyla-
tion landscape in this cohort, highlighting thatTET2 alsohas amajor
role in a lymphoid malignancy. STAT3 was also highly mutated in
these samples, and thus this cohort provided a unique opportunity
to compare and contrast the clinical features of the 2most common
mutations presently known in chronic NK-LGL leukemia.

Methods
Patient consent and clinical records
All studies were conducted under investigational review
board–approved protocols for the LGL Leukemia Registry at the
University of Virginia, with informed consent. All patients met
$1 of the following criteria for a diagnosis of NK-LGL leukemia:
.2 3 109/L atypical lymphocytes; evidence of NK-cell invasion
of the marrow; and aberrant NK populations detected by using
flow cytometry. Concurrent myelodysplasia was not noted in any
of the 48 available marrow biopsy specimens from our cohort of
58. Patient demographic characteristics, complete blood counts
(CBCs), and flow cytometry data were collected from the time
point nearest to when the sequenced sample was collected to
ensure accurate correlation with mutation status. Treatments
received at any point and their timing relative to sequencing
and diagnosis were also collected. Strict criteria were used for
treatment indication and response to therapy as previously
described.7 Response was considered unevaluable if the treat-
ment indication was not cytopenias. These data are presented
together in supplemental Table 1 (available on the Blood Web
site).

Patient sample purity assessment and enrichment
We set a target of 70% leukemic cells in eachWGS sample so that
we would be able to identify minor clones and subclones. Clinical
flow results of NK cell markers for patients 1862, 1856, and 1791
(94% CD941, 76% CD561, and 93% CD561, respectively) indi-
cated these samples were suitable for WGS without enrichment.
Patient 1444 was enriched with a negative selection NK Cell Isola-
tion Kit (Stemcell Technologies). Patients 1511, 1820, and 1866

were positively selected with a CD94 antibody (clone REA113)
on the AutoMACS system (Miltenyi Biotec), as were samples later
used for Sanger sequencing validation of TET2 mutations. The
CD94– population consisted of the remainder of the peripheral
blood mononuclear cells not captured by the enrichment.

Whole-genome, targeted, and Sanger sequencing
We completed WGS of matched peripheral blood mononuclear
cells (PBMCs) or enriched NK cells (described earlier) and saliva
from 7 patients with NK-LGL at a target of 403 normal and 803
tumor coverage (Illumina). PBMCDNAwas extracted bymagnetic
bead isolation (AnaPrep; BioChain Institute). Saliva DNA was pre-
pared with Oragene OG-500 Colletion Kits (DNA Genotek).
Mutect225 was used to identify somatic mutations in this cohort
using COSMIC v7726 and dbSnp v138 as whitelist and blacklist,
respectively (supplemental Table 2). Select genes with somatic
mutations in this discovery cohort, and 3 from the literature,
were used to develop a comprehensive targeted resequencing
panel of all exon boundaries (supplemental Table 3). This panel
was used to validate the variant calls from the 7 WGS samples
and sequence an additional 28 paired PBMC/saliva samples and
another 23 PBMC-only samples. Libraries were prepared by using
the Ion AmpliSeq Kit for Chef DL8, and reads were collected on
the Ion Torrent S5 (Thermo Fisher Scientific). An average per-
sample target coverage of 12003 was achieved, with the lowest
being 5353. Mutations were called and annotated by using the
unmodified Ion Reporter 5.6 tumor/normal workflow for 35 paired
samples and tumor-only for all 58 samples. Five recurrently
mutated genes found in the tumor/normal pairs were thoroughly
scrutinized in the tumor-only cohort. Lack of normal DNA in the
tumor-only cohort necessitated that we apply computational fil-
ters to remove variants of germline origin before analysis. We
removed calls that were not found in COSMIC (Catalogue of
Somatic Mutations in Cancer), had poor alignments, or had a
global allele frequency.0.1% in the 1000Genomes Project27 ver-
sion of 20161108.

The supplemental Methods present full details of Sanger sequenc-
ing and reduced-representation bisulfite sequencing (RRBS).

Statistical analysis
Statistical analyses for the clinical associations were performed by
using R statistical software, version 3.5.3, with a significance level
of a 5 0.05. Welch’s t test was performed on CBC parameters for
wild-type (WT) vs STAT3 mutant comparisons, as well as WT vs
TET2 mutant comparisons. A 1-way analysis of variance (ANOVA)
Welch’s test was performed on CBC parameters for WT, TET2-
only, STAT3-only, and comutation groups. Games-Howell post
hoc tests were performed on CBC parameters significant in the
ANOVA (platelets). A Fisher’s exact test was used to assess if
the binary ratio of parameter of interest is different for WT,
TET2-only, STAT3-only, and comutation groups for non-CBC
comparisons such as survival and treatment and followed by a
pair-wise Fisher’s exact test when significant.

Results
WGS indicates significant clonality in all
NK-LGL leukemia
Initial analysis of 7 whole-genome sequences using Mutect225

indicated a median 52 nonsilent mutations per sample, with the
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somatic nonsilent mutation burden varying from 25 to 101 muta-
tions (supplemental Table 2). Based on HMMcopy28 analysis, 2 of
the samples (1820 and 1862) exhibited evidence of large-scale
somatic copy number variants (supplemental Figure 2). In most
samples, the variant allele frequencies of nonsilent mutations clus-
tered into those with high (�0.5) and low values. The former indi-
cated the presence of a major dominant clone (Figure 1). Of the
genes with nonsilent mutations, 2 potential drivers present in
dominant clones (STAT3 and TET2) were identified by taking
the union of genes predicted by IntOGen29 and MutSigCV.30

Validation of select mutations and paired sample
resequencing
The WGS calls from the discovery cohort were validated by using
a targeted resequencing panel of 39 genes. Mutations in 26 of the
genes, including STAT3 and TET2, were validated in targeted
resequencing of paired tumor/normal samples (Figure 2). In the
7WGS sample validations and additional 28 paired samples, non-
silent mutations in TET2 were found in 9 (26%) of 35, often at fre-
quencies that indicated presence in the majority of NK cells
(supplemental Table 1). STAT3 mutations were seen in 12 (34%)
of 35 samples in the paired analysis. Two of the 28 additional
paired samples containedmutations in either TNFAIP3 or PIK3CD,

which implicates the NF-kB and phosphatidylinositol 3-kinase
(PI3K) pathways.

We further expanded our investigation to an additional 23 sam-
ples that lacked paired normal samples.We focused only on those
genes recurrently mutated in the paired analysis: STAT3, TET2,
TNFAIP3, and PI3K pathway genes PIK3CD and PIK3AP1. Exam-
ination of all 58 samples revealed that 3 (5%) of the samples were
mutated in the PI3K pathway genes. Both mutations noted in
PIK3CD are presumed to be activating as they have been
observed as de novo germline mutations causing activated PI3
kinase delta syndrome,31 whereas the PIK3AP1 mutation has not
been previously described. Twice as many (6 of 58 [10%]) samples
were mutant in TNFAIP3.

Nonsilent mutation frequency for TET2, with mutations observed
in 16 (28%) of all 58 samples, was consistent with that seen in
paired samples alone (26%). The majority of TET2 mutations
were truncations leading to loss of the catalytic domain (Figure
3A) and are rated pathogenic or likely pathogenic according to
American College ofMedical Genetics andGenomics/Association
for Molecular Pathology standards as implemented in VarSome32

(supplemental Table 4). Point mutations were located in regions of
the catalytic domain previously established to lead to loss of TET2
function when altered.33 Six patients had $2 TET2 mutations
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Figure 1. Clustering variants using variant allele fre-
quencies (VAFs) of protein-altering variants reveals
heterogeneity and clonality in NK-LGL leukemia. Den-
sity plots are shown for the 7 patients who underwent
WGS. All indicate the presence of at least one major
clone. Individual points are different somatic mutations,
and color signifies cluster membership. Genes found to
be recurrently mutated in this study are indicated.
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present in the same NK-LGL sample. Of note, we omitted the
TET2 mutation Gln599Arg as it seemed to be a rare germline var-
iant as opposed to its previously reported somatic nature in mye-
loid neoplasms34 (supplemental Figure 3). We also explored
alternative mechanisms of TET2 loss in our NK-LGL cohort. We
observed no known defective TET2 germline variants or TET2
copy number loss in whole-genome samples. However,
methylation-specific polymerase chain reaction35 revealed TET2
promoter methylation predominantly in NK-LGLs with somatic
TET2 mutation (9 of 14 [64.3%]) rather than those that were WT
for TET2 (1 of 21 [4.8%]; Fisher’s exact test, P 5 .0002) (Figure
3B-D; supplemental Figure 4). Of those with TET2 mutations, pro-
moter methylation was more prevalent in those samples with sin-
gle (7 of 10 [70%]) rather than compound (2 of 6 [33.3%]) TET2
mutations, which suggests this may be a mechanism to silence
expression of the WT allele.

STAT3 was mutated in 19 (33%) of 58 samples, and these were
predominantly missense mutations localized to the SH2 domain,
which have been previously shown to increase STAT3 activity4

(Figure 3A). Of 7 samples with mutations in both STAT3 and
TET2, mutation frequencies suggested 4 (1257, 1444, 1507, and
1909) to be in the same clone, whereas the frequencies differed
substantially for 3 (1001, 1511, and 1967), suggesting they are
present in different clonal populations. Mutation type and allele
frequency for STAT3, TET2, TNFAIP3, PIK3CD, and PIK3AP1 are
listed in supplemental Table 1 with clinical correlates.

Additional evidence that TET2 mutations are
present in the NK compartment
Samples 1444, 1511, and 1820 were enriched for NK cells before
WGS and found to be TET2mutant.We took this as preliminary evi-
dence that mutations were indeed in the NK compartment. To val-
idate this, NK1 and NK– fractions were isolated from patient 1511
and five additional patients, which achieved at least 84%

CD941CD8– cells in the NK1 fraction. Nine mutations in 6 samples
(3 samples had 2 mutations) were then tested by Sanger sequenc-
ing of TET2 (examples are given in Figure 3E, with full results in sup-
plemental Figure 1). All 6 patients tested by using Sanger
sequencing had $1 TET2 mutation present only in the NK1 cell
compartment, including sample 1511, which had 2. Two patients,
1644 and 1967, had second TET2 mutations that were more pro-
nounced in the NK1 vs NK– sample. One of these, Glu1268Ter in
1967, was also found in the patient’s saliva at an allele frequency
of 16%. This finding could indicate the presence of the mutation
in neutrophils36 and a cooccurring myeloid disorder or clonal
hematopoiesis, but this patient’s marrow morphology was unre-
markable. No other saliva samples showed the presence of
mutations in TET2, STAT3, TNFAIP3, or PI3K genes. Between
next-generation and Sanger sequencing, all 8 patients with
material available for enrichment exhibited $1 TET2 mutation
solely in the NK compartment.

TET2 mutant NK-LGL leukemia displays altered
global methylation
The enzyme encoded by TET2 catalyzes a step in the demethyla-
tion of DNA; we therefore performed RRBS to ascertain the meth-
ylation changes in patient samples relative to TET2 mutational
status. Leukemic samples were a subset of those fully character-
ized by WGS. Principal component analysis of the data showed
that samples withmutations in TET2 exhibited significant separa-
tion from the other NK-LGL samples and normal NK-cell control
samples (Figure 4A). Less separation was seen for mutant sample
1511, whichmay be explained by the fact that the TET2mutation
was observed in the minor clone for this sample (Figure 1). In
comparisons between leukemic samples and normal NK cells,
nearly 5 times more differentially methylated regions were
observed in TET2 mutant samples (Figure 4B). This finding sug-
gests that the mutations identified are associated with disrupted
TET2 function.
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Figure 2. Select mutations found in WGS and targeted
resequencing. The first panel shows the mutation distribu-
tion and type in the initial 7 whole-genome samples that
were the basis for a targeted resequencing panel. The sec-
ond panel shows validations on the targeted panel for the
same samples and indicates good concordance between
sequencing methods. The third panel shows additional
paired PBMC/saliva samples sequenced by using the tar-
geted panel, which identified few recurrently mutated
genes in this cohort with the exceptions of TET2 and
STAT3. Genes are listed by official gene symbol and sam-
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We next annotated differentially methylated regions to gene pro-
moters (full data set in supplemental Table 5). Pathway analysis
revealed hypermethylation of hundreds of transcriptional activa-
tors and regulatory region–binding factors associated with RNA
polymerase II (supplemental Tables 6 and 7), suggesting the

potential for aberrant epigenetic regulation of many downstream
targets. We hypothesized that TET2 mutation may contribute to
NK-LGL leukemia by leading to loss of negative regulators of
STAT3. We therefore analyzed the promoter regions of putative
negative regulators (PIAS, PTP, PTPR, SHIP, and SOCS gene
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families) and found that those in protein tyrosine phosphatase
receptor type delta (PTPRD) and type N were the most differen-
tially methylated in TET2 mutant leukemic samples (Figure 4C;
supplemental Figure 5) compared with TET2 WT LGL and normal
NK control samples. Loss of PTPRD has been shown to lead to
aberrant STAT3 activation.37-39 We therefore expanded the
assessment of PTPRD promoter methylation using methylation-
specific polymerase chain reaction39 on samples from our cohort;
representative results are given in Figure 4D and full results in sup-
plemental Figure 6.We found that 44.4% (4 of 9) of TET2-mutated
samples exhibited promoter methylation (Figure 4E). This com-
pares to 6.7% WT (1 of 15), 11.1% STAT3 mutant (1 of 9), and
25% comutant (1 of 5). This scenario suggests an alternativemech-
anism of STAT3 activation in TET2 mutant samples.

TET2 mutations are persistent in untreated
NK-LGL leukemia
We next sequenced longitudinal tumor samples from 4 patients
with TET2 mutations who did not receive treatment with cyclo-
phosphamide (CP), MTX, or cyclosporine (Figure 5A), with a focus
on the 5 recurrently mutated genes. Three patients had TET2
mutations at the beginning of observation, and patient 1511
developed a TET2 mutation at 70 months. TET2 mutations per-
sisted indefinitely after detection in these untreated samples
over 36, 40, 61, and 155 months, with an average of 73 months’
follow-up. TET2 mutation followed STAT3 mutation in patient
1511; the opposite was observed for patient 1257, in which
TET2 mutation was followed by STAT3mutation. In both patients,
the frequencies for the 2 mutations appeared to converge, which
may indicate presence in the same clone. Taken together, these
data show that TET2 inactivation is associated with persistent
clonal expansions with and without STAT3 mutation.

Variant allele frequencies correlate with response
to CP
Four patients found to be TET2 mutant in this study underwent
treatment with CP (100 mg daily orally) and had pretreatment
and multiple posttreatment samples available. Clinical records
for all 4 patients indicated complete response to therapy (ie, an
improvement in blood counts). Samples from each of the 4
patients were then sequenced with the targeted panel, and muta-
tional profiles were compared with disease burden as assessed by
absolute lymphocyte count (Figure 5B). Of these, patients 1507
and 1909 showed elimination of the TET2 mutant clone with no
return in the 117- and 40-month follow-up period for each sample,
respectively. Patient 1444 showed initial elimination of the TET2
mutant clone, which re-emerged but not until 49 months later
and in tandem with the emergence of a TNFAIP3 mutation. All
3 of these long-term responding patients had STAT3 mutations
of frequency similar to that observed for TET2. Patient 1967 was
unique in that 1 TET2 mutation (Pro1013fs) we had previously
determined to be in the NK compartment was reduced by treat-
ment, whereas the other (Glu1268Ter) was not greatly reduced.
In all treated samples, the reduction in variant allele frequencies
was accompanied by concomitant reduction in the lymphocyte
count.

Clinical associations
We analyzed the effect of STAT3 mutation and TET2 mutation
independently on CBC parameters to determine their possible
correlation with cytopenias known to be present in patients with

LGL leukemia. Highly significant (P , .02) decreases were
observed in absolute neutrophil count, hemoglobin, hematocrit,
and red blood cell (RBC) counts and increased RBC distribution
width in STAT3 mutant samples compared with those without
(Figure 6). Although similar trends are noted for TET2 mutants,
none of the differences reached statistical significance. All tested
CBC comparisons, including nonsignificant findings, are pre-
sented in supplemental Figures 7 and 8. These analyses were
completed for CBC data taken on or near the date of the
sequenced sample to ensure that the mutations were present.
Some patients were undergoing treatment at that time. However,
similar trends were observed in comparisons of CBCs from an
additional treatment-naive date (supplemental Figure 9).

We then determined whether single mutations in either TET2 or
STAT3 as opposed to mutations in both or neither lead to signif-
icant changes in CBC parameters. Overall, there was a pattern of
reduced RBC, hemoglobin, hematocrit, and absolute neutrophil
counts according to mutation profile. Slight decreases were
observed in TET2-only mutants and modest decreases in
STAT3-only mutants; the largest decreases were observed in
comutated patients (supplemental Figure 5). Platelet count was
the only parameter to show statistically significant global change
(1-way ANOVA, P 5 .0071) (Figure 7A). Pairwise comparison
revealed that the TET2-only mutation group had a significantly
reduced platelet count compared with the WT group (P 5

.0074). Figure 7B shows that a number of these patients met the
clinical definition of thrombocytopenia (,150000/mL) and exhib-
ited higher mean platelet volume than other groups.

We also examined other categorical clinical variables relative to
STAT3 and TET2 mutational status. Overall survival to 60 months
for all mutation groups was $80%, and differences according to
mutation status have not emerged at this point (Figure 7C).
TET2 mutation, alone or in combination with STAT3, was associ-
ated with a slightly increased need for immunosuppressive treat-
ment by 60 months that failed to reach statistical significance
(Figure 7D). Roughly half (15 of 32 patients) of patients in the entire
cohort who sought immunosuppressive treatment achieved at
least some response to eitherMTX or CP (supplemental Table 1D).

We then examined treatment response between the groups as
response (complete 1 partial) vs no response to MTX or CP.
The patients with TET2 mutation exhibited significantly reduced
response rates to MTX or CP treatment compared with patients
with a STAT3 single mutation (pairwise Fisher’s exact test, P 5

.00466) (Figure 7E). All 4 TET2/STAT3 comutation patients exhib-
ited a complete response to CP, which is in sharp contrast to the
single complete response to CP observed in 5 patients with TET2
single mutation. The sex ratio was significantly different between
the WT and TET2/STAT3 comutation group, with the TET2/
STAT3 comutation group reporting no female patients (pairwise
Fisher’s exact test, P 5 .0279) (Figure 7F).

Discussion
The key finding from the current study is that targeted sequencing
of select mutations from a discovery cohort of 7 WGS samples
found that TET2 was mutated in 28% of chronic NK-LGL leukemia
cases. This frequency approaches that of previously reported
STAT3 mutations, which we found in 33% of samples. Unlike
STAT3 mutations, TET2 mutations seem to be specific to the

668 blood® 26 AUGUST 2021 | VOLUME 138, NUMBER 8 OLSON et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/138/8/662/1829057/bloodbld2020005831.pdf by guest on 07 M

ay 2024



NK variant of LGL leukemia as they have not been reported in
T-LGL leukemia thus far beyond 1 case.24 We showed that all test-
able patients had a mutation solely in the NK compartment. How-
ever, one should be cognizant that LGL leukemia could coincide
with other disorders, which could also be TET2mutant. We estab-
lished that TET2mutations are clearly in the NK compartment, but
we cannot rule out their existence in precursors and other cell

types as we interrogated CD941 and CD94– fractions via Sanger
sequencing. It remains a formal possibility that deeper next-
generation sequencing analysis may have picked up low-level
mutations in the nonleukemic CD94– compartment.

Our preliminary analysis of CP-treated patients with NK-LGL leu-
kemia indicates that TET2-specific treatments may not be
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Figure 5. Longitudinal measurement of mutation
allele frequency in TET2 mutant PBMC samples.
Variant allele frequencies (left y-axis) are shown in the
5 recurrently mutated genes as measured by targeted
sequencing and plotted with leukemic burden as
assessed by absolute lymphocyte count (ALC; right y-
axis). (A) Four untreated samples showing long-term
persistence of TET2 mutant clones. The boxed data
points are from NK-enriched samples, and thus allele
frequencies are skewed higher. (B) Four samples that
received treatment with CP for 9 or 5 months as indi-
cated, showing complete reduction of the mutant
clone and lymphocyte counts in treated individuals.
Pred, prednisone; unk., unknown.
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necessary to achieve clinical response in TET2/STAT3 comutant
samples. However, our observation of methylation differences in
all leukemic samples, compared with normal NK cells, would
suggest methylation as a potential therapeutic target in all
patients with NK-LGL leukemia. The decision to use the hypome-
thylating agent azacytidine in AML is often driven by patient age
and other risk factors, and not by the presence or absence of
mutant TET2.40,41 Those patients with NK-LGL leukemia with
only TET2mutations stand to gain the most from new therapies,
as only 1 of 5 followed up in this study responded to either CP or
MTX. The finding of TET2 promoter methylation in TET2 mutant
samples suggests these mechanisms cooperate to fully abrogate
TET2 function. This action may make this subgroup susceptible
to inhibition of other TET family members as at least some resid-
ual activity is required for clonal outgrowth.42 Unfortunately,
models that introduce TET2 dysfunction into the marrow do
not recreateNK-LGL leukemia; thus, genetically accurate preclin-
ical models to screen and optimize experimental therapeutics
are lacking.43 In a model similar to LGL leukemia but benefiting
from defined stimulation, TET2 disruption also led to robust pro-
liferation and expansion of chimeric antigen receptor T cells.44

Models of TET2 mutation in myeloid disorders45,46 have shown
a requirement for additional cooperative mutations to promote
leukemic expansion, and we speculate that this is also true for
NK-LGL leukemia.

Our strategy of targeted resequencing identified TET2 and a few
other genes as being mutated. TNFAIP3 and PI3K pathway genes
exhibited mutations in 10% and 5% of this cohort, respectively.
TNFAIP3 mutation has been previously described in chronic T-
LGL47 and NK-LGL9 leukemia. PIK3AP1 and PIK3CD mutations
have not previously been reported in LGL leukemia, and it is note-
worthy that clinical trials of compounds targeting this pathway are
advancing in other cancers.48

In the WGS samples of this study, in accordance with past exome
sequencing, all samples showed a significantly mutated clone.
This finding suggests that the phrase “chronic lymphoproliferative
disorder of NK cells” is a misnomer that implies these are not
highly clonal expansions. There is an obvious need to distinguish
chronic and aggressive NK leukemias, but the term chronic
NK-LGL leukemia may more accurately represent the similarities
between this and the chronic T-LGL form. It will be interesting
to observe, in other patient populations, how many samples will
prove to be clonal. We can now theoretically measure clonality
in roughly half of chronic NK-LGL by sequencing TET2 and
STAT3 alone, which may facilitate this analysis in the future. We
would expect more oligoclonal proliferation in earlier disease.
This is consistent with the belief that antigen is the true driver of
LGL leukemia49 and that mutations are opportunistic clonal
expanders.50
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TET2 mutations were found in 11 samples without STAT3 muta-
tion, which implies they can fulfill a similar role for clonal expan-
sion. STAT3 is a known regulator of inflammatory cytokine
production in LGL leukemia51 in addition to its role in promoting
clonal outgrowth.50,52 This additional function may explain why
STAT3 mutant patients are more symptomatic compared with
patients who are TET2 mutant alone. It could be inferred that
comutated samples, which are associated with the most severe
symptoms, may represent patients who have had more long-
standing disease. Thus, one could speculate that length of dis-
ease is what truly associates with clinical symptoms. Counter to
that, clear differences were observed between TET2 and
STAT3 single-mutant samples, which we would infer to be at
the same stage. This finding suggests that disease duration is
not, or at least not completely, responsible for symptom
presentation.

Thrombocytopenia alone seems to be significantly associated
with TET2 mutant samples without STAT3 comutation. It has
been previously reported that patients with AML and TET2muta-
tions have lower platelet numbers due to disruption of platelet
production.53 Our findings of low platelet counts and high
mean platelet volume would suggest that platelet loss in
NK-LGL leukemia takes place in the periphery. More work needs
to be done to determine how this action occurs in TET2 mutant
samples and why it is specific to those without STAT3
comutation.

We have identified altered methylation in TET2 mutant NK-LGL
samples. These changes are far more pronounced compared
with those that distinguishNK-LGL leukemia from normal NK cells.
TET2 promoter methylation was largely restricted to those sam-
ples with mutation. Taken together, this may indicate that TET2
dysregulation defines a subset of NK-LGL leukemia and is not a
common feature. Roughly half of the TET2 mutant samples
(44.4%) showed methylation of the PTPRD promoter, a known
negative regulator of STAT3,37-39 which may be an alternative
means of STAT3 activation in these samples. STAT3 mutations
are abundant but not universal in the LGL leukemia patient popu-
lation,4 whereas all patients with LGL leukemia exhibit constitutive
activation of STATs.54 Damaging mutations in PTP family mem-
bers have been observed in T-LGL55 and aggressive NK-LGL56

leukemias. Suppressor of cytokine signaling 3 (SOCS3) seems to
be lost through an unknown mechanism.57

In summary, we identified mutant TET2 as a major new target in
chronic NK-LGL leukemia, in the largest molecular profiling study
of this disease to date. We further showed its intriguing associa-
tion with thrombocytopenia and resistance to CP and MTX
when present without STAT3 comutation. Although treatment
indications and response to therapy were evaluated rigorously,
these interesting findings should be considered preliminary until
validated in prospective studies. This work improves our under-
standing of the heterogeneous clinical presentation of LGL
leukemia.
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