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Large granular lymphocyte leukemia (LGLL) is a chronic proliferation of clonal cytotoxic
lymphocytes, usually presenting with cytopenias and yet lacking a specific therapy.
The disease is heterogeneous, including different subsets of patients distinguished by
LGL immunophenotype (CD8+ Taf, CD4+ Tap, Tys, NK) and the clinical course of
the disease (indolent/symptomatic/aggressive). Even if the etiology of LGLL remains
elusive, evidence is accumulating on the genetic landscape driving and/or sustaining
chronic LGL proliferations. The most common gain-of-function mutations identified in
LGLL patients are on STAT3 and STAT5b genes, which have been recently recognized
as clonal markers and were included in the 2017 WHO classification of the disease.
A significant correlation between STAT3 mutations and symptomatic disease has been
highlighted. At variance, STAT5b mutations could have a different clinical impact based
on the immunophenotype of the mutated clone. In fact, they are regarded as the signature
of an aggressive clinical course with a poor prognosis in CD8+ T-LGLL and aggressive
NK cell leukemia, while they are devoid of negative prognostic significance in CD4+
T-LGLL and Ty8 LGLL. Knowing the specific distribution of STAT mutations helps identify
the discrete mechanisms sustaining LGL proliferations in the corresponding disease
subsets. Some patients equipped with wild type STAT genes are characterized by less
frequent mutations in different genes, suggesting that other pathogenetic mechanisms
are likely to be involved. In this review, we discuss how the LGLL mutational pattern allows
a more precise and detailed tumor stratification, suggesting new parameters for better
management of the disease and hopefully paving the way for a targeted clinical approach.

Keywords: large granular lymphocyte (LGL), T-LGL leukemia (T-LGLL), chronic lymphoproliferative disease of NK
cells (CLPD-NK), STAT3, STAT5b, mutation

INTRODUCTION

The 2017 world health organization (WHO) classification includes the large granular lymphocyte
(LGL) leukemia in the category of cytotoxic T and NK cell leukemia and lymphoma. LGL leukemia
is a lymphoproliferative disorder, sustained by clonal mature T or NK cells, that configures
T-LGL leukemia (T-LGLL) or the chronic lymphoproliferative disease of NK cells (CLPD-NK),
respectively (1). T-LGLL is the most frequent form (about 85% of cases), whereas, CLPD-NK is
less represented (10% of cases) (2). A third group of rare (incidence 5%) diseases accounts for
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aggressive T-LGLL and aggressive NK cell leukemia (ANKL),
characterized by very poor prognosis (2). T-LGLs usually express
the TCR ap+, CD4-, CD8+ phenotype and the disease is
referred to CD8+ T-LGLL. The heterogeneity of the disease
is emphasized by the presence, in 10-15% cases, of a disorder
sustained by TCR af+, CD4+, CD8+/- LGLs, defining the
CD4+ T-LGLL. Beyond the expansions of T cells bearing the
TCR af+, a minority of cases originates from TCRyd+ cells
(Ty3 LGLL) (3). In addition, some patients are characterized by
a bi-phenotypical variant, identified by a concomitant T/NK cell
clone, or by a switch from T to NK phenotype or vice versa (4).

The disease is asymptomatic in nearly 30% of cases, with
lymphocytosis representing the only observed hematological
abnormality (5). However, during the disease course in 60%
of cases therapy is needed, mostly for cytopenia-related
manifestations, symptomatic patients showing clinical features
often related to neutropenia (2). Currently, no specific treatment
is available for LGL disorders and the current therapy
is based on immunosuppressive drugs (i.e., Methotrexate,
Cyclophosphamide or Cyclosporine A) giving unsatisfying
responses (6, 7).

The etiopathogenesis of LGL leukemia has not been
established. A viral or autologous antigen has been claimed
to trigger the initial lymphocytosis whose survival over the
time is then maintained by the upregulation of several cell
activating pathways (8, 9). Among these, the Janus kinase/signal
transducer and activator of transcription (JAK/STAT) signaling
is central to direct the cell toward survival, being STAT an
inducer of the transcription of many pro-survival genes (10).
Supporting the role of these activatory pathways, in about
40% of patients, mutations on STAT3 and STAT5b have been
recognized as the most common gain-of-function genetic lesions
up to now identified in LGLL patients. The resulting constitutive
activation of STAT3 and STAT5b promotes an upregulation of the
expression of genes that are required for cell proliferation and
survival, i.e., c-Myc, cyclin D1 and cyclin D2, Bcl-xI, Mcll, and
survivin (11). STAT3 and STAT5b mutations have been included
in the 2017 WHO LGLL classification (12).

GENETICS OF T-LGLL
STAT3 Mutations

Currently, STAT3 mutations are the most commonly recognized
genetic lesions in T-LGLL. Somatic STAT3 mutations are
preferentially located in the Src homology 2 (SH2) domain of
the gene, leading to an increase of the stability of STAT3 protein
dimerization that results in an enhanced transcriptional activity
of pro-survival proteins (13). STAT3 mutation is preferentially
found in CD8+ T-LGLL (14) and some TCRyd LGLL cases
(15), its incidence among the entire cohort of T-LGLL ranging
from 11 up to 75% based on different reports (13-26). Y640F
and D661Y are the most frequent STAT3 genetic lesions,
accounting for about 60% of the recognized mutations. The
remnant other less frequent mutations include both point
mutations and insertion or deletions and are mostly found
in SH2 domain (13-26), although some missense substitutions
were described in DNA-binding and coiled coil domains [(27);

Figure 1]. All T-LGLL patients are characterized by STAT3
activation, that is the hallmark of every T-LGLL, but a higher
amount of the phosphorylated protein has been observed in
cases with STAT3 mutations (13, 14, 17). Functional studies
revealed that even if in different locations, most of the
reported mutations lead to a higher protein transcriptional
activity and cytokine responsiveness (13, 27). Nevertheless,
deep transcriptional expression studies in T-LGLL did not
find significant differences that distinguish patients with and
without STAT3 mutations, which showed similar overexpression
of STAT3-responsive genes (13, 17, 28, 33). These findings
suggest that in patients devoid of STAT3 mutations, other
mechanisms or lesions can be responsible of the activation of
STAT?3 pathway.

STAT5b Mutations

Another member of STAT protein family has been reported
to carry gain-of-function mutations, namely STAT5b. Initially
discovered in only 2% of CD8+ T-LGLL, specifically found
in the aggressive form of LGLL (28), STAT5b mutations were
subsequently identified in 15-55% of CD4+ T-LGLL (14, 15, 29),
and in 19% of TCRy8 LGLL (15). To date, genetic alterations
discovered in STAT5b are all point mutations located in the
SH2 and in the transactivation domain of the gene (Figure 1).
The most recurrent mutations are N642H and Y665F both
deemed to increase the protein activity. At variance with
STAT3, STAT5b activation has been observed only in cell
samples carrying the mutated protein, whereas the wild type
protein is unphosphorylated, similarly to healthy controls (28).
Notably, functional studies and transcriptional analysis verified
that N642H is able to induce a strong protein activation
and to characterize patients with a peculiar gene expression
distinguishing them from other patients who are not equipped
with this mutation (including patients with STAT wild type,
STAT3 mutation and with STAT5b Y665F) (28).

TNFAIP3 Mutations

TNFa-induced protein 3 (TNFAIP3) is another gene recurrently
mutated in T-LGLL, that has been found altered in 4 cases within
a cohort of 39 patients (24). This gene is a tumor suppressor that
encodes A20, a negative regulator of nuclear factor kappa B (NF-
kB), whose mutated form likely contributes to deregulate NF-kB
activity. Moreover, the association between TNFAIP3 and STAT3
mutations (3 out of 4 cases simultaneously carry both mutations)
suggests that TNFAIP3 lesion is not only an alternative genetic
mechanism to STAT alterations, but rather an additional event
concurring to induce the LGLL phenotype.

Other Less Frequent Gene Mutations

Through deep sequencing, some authors discovered other genes
occasionally mutated in T-LGLL, many of them linked to
STAT?3 signaling pathway and cytotoxic T lymphocyte activation,
including PTPRT, BCL11B, PTPN14, PTPN23 (13, 27-29, 33—
35). Consistently, a systems genetic assay showed that 5 out of
8 patients devoid of STAT mutations carried alterations on genes
“STAT related” or connecting STAT with Ras/MAPK/ERK and
IL-15 signaling, including FLT3, ANGPT2, KDR/VEGFR2, and
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FIGURE 1 | STAT3 and STAT5b mutations described in T-LGLL and CLPD-NK. The STAT3 and STAT5b mutations, reported up to now in literature (13-32), are
indicated on their position in the exon upstream the corresponding protein domain. The point mutations and the insertions/deletions are reported above and below the
schematic representation of the gene, respectively. ND, N-terminal domain; CCD, coiled-coil domain; DBD, DNA binding domain; L, linker; SH2, Src Homology 2;

CD40LG (36). These data emphasize the central role of JAK/STAT
pathway in T-LGLL patients regardless of STAT mutational
pattern. In addition, this analysis demonstrates that several
genetic lesions affect different functionally connected genes that
can concur to drive a similar phenotype.

GENETICS OF CLPD-NK

STAT3 and STAT5b Mutations
Although sharing many similarities (37), CLPD-NK is only
partially reminiscent of the genetic background of T-LGLL. Since
this disease is rarer than the T related entity, less data are available
and appropriate analyses are lacking to precisely define this
disorder. The similarity with T-LGLL involves STAT3 gene, that
is reported mutated also in CLPD-NK [(17, 38); Figure 1]. To
note, our data indicate that STAT3 mutations seem to have a
lower incidence, from 5.9 to 8.3%, in this disease as compared
to T-LGLL (15, 39). Other studies report a frequency of STAT3
mutations from 11 up to 40%; the two studies with the largest
number of CLPD-NK patients indicate 15/50 (30%) and 5/40
(13%) cases with STAT3 mutation (17, 40).

Differently from T-LGLL, CLPD-NK appears to be devoid of
STATS5b genetic lesions (15, 38, 39), with the only exception of

the aggressive case discussed by Rajala et al., who subsequently
developed ANKL (28).

Other Less Frequent Gene Mutations
In line with T-LGLL, TNFAIP3 mutation has been found in one
out of 17 CLPD-NK patients (5.9%) (38).

Other genetic alterations have been detected through whole
exome sequencing (WES) on 3 CLPD-NK patients (all STAT-
mutation-negative) by Coppe et al. (36). From this analysis,
31 genes harbored somatic mutations including several “cancer
genes” i.e., KRAS, PTK2, NOTCH2, CDC25B, HRASLS, RABI12,
PTPRT, and LRBA. More recently, the same authors reported
WES data obtained in a larger series of patients indicating that
the involvement of JAK/STAT pathway resulted to be not so
central as observed in T-LGLL. Otherwise, other pathways and
genes were hit by genetic alterations potentially impacting on cell
survival, proliferation, chromatin-remodeling, innate immunity,
and NK cells activation (41).

Currently, more information is available on ANKL rather
than CLPD-NK. Through WES on 14 ANKL patients, Dufva
et al. identified alterations in JAK/STAT, RAS/MAPK, and
epigenetic modifier genes (42). They found JAK/STAT signaling
components frequently altered, with 21% of cases carrying STAT3
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mutations, showing that some features are shared by ANKL and
the relatively indolent LGLL. The same authors demonstrated
an overlapping genetic landscape between ANKL and extranodal
NK/T cell lymphoma, nasal type (NKTCL) rather than with
CLPD-NK, suggesting that ANKL might represent a more
advanced form of NKTCL (42).

STAT MUTATION: FOUNDING OR LATE
EVENT?

The current pathogenetic hypothesis on LGLL development rests
on an initial antigen-triggered oligoclonal LGL expansion that
only successively develops into a monoclonal lymphocytosis.
In this context, STAT mutation seems not to be an inciting
but rather an acquired event during the disease, conferring an
advantage on the clone development. Indeed, STAT mutations
are more frequently found in large clones (18). Interestingly,
STAT5b mutations are more often reported on large monoclonal
TCR-Vp expansions (28), whereas, STAT3 mutations are also
detected in small subclones (18). Kerr et al., evaluating the
relationship between STAT3 mutation and T-cell clone burden,
showed that STAT3 mutation frequency can be lower than
the T-cell clone entity thus confirming that the mutation is
likely to occur as a secondary event within a pre-expanded
immunodominant clone (43). The above authors also observed
that STAT3 mutation may contribute to an autonomous antigen-
independent clonal expansion (43).

Many data have been reported demonstrating that STAT3
mutation does not represent the only factor, itself mandatory, to
trigger LGL clonal expansion. In vitro inhibition of STAT3 was
observed to restore LGL apoptosis independently from STAT3
mutational status and STAT3 was found activated also in STAT3
wild type LGLL patients (17). Furthermore, analysis on murine
cells transduced with retrovirus showed that STAT3 mutants
(D661V, Y640F) do not provide any cell growth advantage (44).
Similarly, a mouse model demonstrated that the expression of
STAT3 mutant alone is not enough to induce LGL leukemia
(44), at variance to what had been observed in the mouse model
with over-production of IL15 (45). In addition, in a murine
bone marrow transplantation model, also Couronne et al. showed
that the expression of Y640F mutated STAT3 primarily induces
myeloid malignancy rather than LGL disease (46). All these
results suggest that additional gene mutations or deregulation
due to other signaling molecules or pathways associated with
STAT3 mutations might be involved in LGLL pathogenesis (47).

Several points should be made in terms of the STAT5b
mutations. STAT5b N642H has been indeed identified as an
oncogenic driver in innate-like lymphocytes (48), and a mouse
model expressing human N642H mutated STATS5b has been
described to develop severe CD8+ T cell neoplasia (49). Provided
that IL-15 is an upstream factor of STAT5b and that IL-15
transgenic mice develops the aggressive variant of T or NK cell
leukemia (50), the IL-15-STAT5 axis might be considered crucial
for neoplastic transformation. The requirement of additional
cytokine signals on STAT5b genetic lesions suggests that the
indolent course of CD4+ T-LGLL or Ty3 LGLL carrying

these genetic lesions might be due to the lack of one or
more concurring events together with STAT5b mutations, e.g.,
cytokine stimulation.

THE CLINICAL IMPACT OF STAT3 AND
STAT5B MUTATIONS

Isolated neutropenia represents the clinical hallmark of the
disease, observed in 40-60% of patients, with approximately
half of them developing severe neutropenia. A significant
correlation between the presence of STAT3 mutations and
neutropenia/symptomatic disease has already been highlighted
in several studies (13-16, 22, 25). We hypothesized that the
mechanism accounting for neutropenia development involves
high levels of STAT3 activation (14). More in detail, we recently
demonstrated the presence of a STAT3-miR-146b-FasL axis in
neutropenic T-LGLL patients, that, once triggered, leads to
high production of Fas Ligand, which in turn is responsible
of neutrophil apoptosis (51). These data emphasize the role
of STAT3 activation in the pathogenesis of LGLL neutropenia,
with STAT3 mutations likely being involved in further boosting
this mechanism.

Besides neutropenia, several other clinical features have
been described to be more frequent in patients with STAT3
mutations, including different cytopenias or autoimmune
diseases. Interestingly, T-LGLL patients with multiple STAT3
mutations have been reported to associate with concomitant
rheumatoid arthritis (RA) (52). On the contrary, the association
with pure red cell aplasia (PRCA) remains a controversial issue
(17,21, 22, 26).

At variance with STAT3, STAT5b mutation has been reported
to have a very different clinical impact. Depending on the
immunophenotype of the mutated clone, the presence of STAT5b
mutations in the same hotspot positions represents a signature
of aggressive clinical course with a poor prognosis in aggressive
CD8+ T-LGLL patients (28), while it is devoid of negative
prognostic significance in CD4+ T-LGLL and Ty8 LGLL patients
(15, 29, 53). The issue is quite intriguing since STAT5b N642H
behaves as a driver mutation in several T-cell lymphomas and in
the mice model it is enough to induce a leukemic phenotype (48).

The association between STATs mutations and patients
clinical features has been recently confirmed by our data obtained
in a large cohort of 205 LGLL patients including all LGLL
subtypes, but aggressive T-LGLL and ANKL. We observed that
STAT3 mutations were significantly associated with absolute
neutrophils count <500/mm?®, hemoglobin level <90g/L and
treatment requirement, while STAT50 mutations were found
in 15/152 asymptomatic patients. Moreover, by univariate and
multivariate analysis, STAT3 mutated status resulted to be
associated with reduced overall survival, firstly demonstrating the
adverse impact of STAT3 mutations in LGLL patients (15).

Considering that a specific therapy is still missing in LGLL
and that current immunosuppressive drugs do not provide
satisfying responses, the above-mentioned clinical impact of
STAT signaling in LGLL makes these molecules attractive new
targets for drug development. Several direct STAT inhibitors
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interacting with protein domains are available, including Stattic,
S31-201, STA-21 for STAT3 (54) and Pimozide, Stafib2, and
Cpd17f for STAT5b (55). However, these compounds induce
several off-targets toxicities and severe side-effects that for the
time being prevent their use in the clinical setting. To date,
no direct STAT3/5b inhibitors of clinical grade are available.
However, early-phase clinical trials with drugs targeting STAT3
are ongoing in solid and hematologic malignancies other than
LGLL, namely AZD9150, a STAT3 antisense oligonucleotide,
and Napabucasin, an inhibitor of gene expression driven by
STAT3 (56). In LGLL some compounds against the upstream
signaling to STAT have been tested, with preliminary promising
results. Tofacitinib citrate, a JAK3-specific inhibitor, showed
good response in patients with refractory LGLL associated with
RA (30); furthermore, BNZ-1, a multicytokine inhibitor, is
currently being tested in LGLL patients in a phase I/II trial (57).
Additional studies are needed to confirm these data and the
inclusion of STAT mutational status in the work-up is suggested
to achieve a personalized treatment of LGLL. Consistently,
STAT3 Y640F mutations have been shown to predict response
to methotrexate in a small series of patients (7), representing a
putative, potential parameter to select the initial best therapy for
LGLL patients.

STAT3 AND STAT5B MUTATIONS OCCUR
IN PHENOTYPICALLY DISTINCT LGLL

The correlation found between STAT mutations and LGL
immunophenotype has been highlighted, in fact STAT3 and
STAT5b mutations are mutually exclusive and preferentially
occur in phenotypically distinct leukemic LGLs.

Within Taf-LGL disorders, STAT3 mutations characterize the
CD8+ T-LGLL and have never been observed in the CD4+
subset (14, 29). Instead, STAT5b mutations have been mainly
found in CD4+ TLGLL and also in the rare aggressive form of
CD8+ T-LGLL (28), whereas in indolent CD8+ T-LGLL these
genetic lesions seem to be rare (14, 29).

Besides this preliminary distinction, a more precise definition
of patients harboring STAT mutation can be described,
considering the differential immunophenotypic combination of
the LGL markers, i.e., CD16, CD56, and CD57. In CD8+ T-
LGLL, the CD16+4/CD56- phenotype, with or without CD57,
is strongly linked to patients characterized by the presence of
STAT3 mutation (14). The rare aggressive form of T-LGLL,
frequently carrying STAT5b mutations, is discretely characterized
by the proliferation of CD8+/CD564-/CD16-/CD57- LGLs
(28). Interestingly, STAT5b mutation is found among CD4+
TLGLL patients whose LGL clone is always CD564, CD16-
(14, 29). Similarly, even though CD16 frequently characterizes
Ty8 LGLs, in Ty8 LGLL we observed STAT3 mutations in CD56-
LGLs, whereas STAT5b mutations were detected in CD56+
phenotype (53).

Also in CLPD-NK discrete subtypes can be identified
by flow analysiss. We observed that patients with
CD56~/4m/CD16M8"/CD57~ cytotoxic NK cells expansion
include a subgroup characterized by a more symptomatic disease

and the presence of STAT3 mutation (39). For ANKL, otherwise,
no STAT mutation-linked phenotypes have been reported.

Taken together, these data suggest that STAT3 mutation can
occur in CD16+/CD56- LGLs, whereas STAT5b mutation may
be detectable in CD56+ LGL (Figure 2). This link suggests that
CD16+/CD56- LGLs and CD56+ LGLs preferentially use STAT3
or STAT5b signaling, respectively, to develop LGL expansion and
consequently they are differentially predisposed to be genetically
hit. The nature of this relationship remains an open issue that
needs to be elucidated. A larger analysis on CLPD-NK and
Ty8 LGLL cases is mandatory to get insights also in these less
frequent disorders.

CONCLUSIONS

The gain-of-function mutations in STAT3 and STAT5b genes up
to now remain the most frequent abnormalities in LGLL, even
if additional genetic lesions in STAT-related or cancer genes
have been described. The complexity on the genetic background
indicates that LGLL can be the result of different mechanisms,
emphasizing the heterogeneity of the disease, even if a highly
frequent recurrent genetic event has not been demonstrated.
Being the most common and specific for this disorder, STAT3
mutation currently remains the genetic marker suggestive of
LGLL, whereas STAT5b gene is frequently described mutated also
in many other hematologic diseases beyond LGLL.

Molecular analysis of STAT3 and STAT5b is unfortunately
not so widely available nowadays, but the evidence that STAT
mutations have a clinical impact supports the inclusion of
this test in the LGLL diagnostic work-up. Moreover, the
evaluation of STAT mutations is suggested in combination
with LGL immunophenotype data to perform an appropriate
classification of indolent, symptomatic and aggressive LGLL
patients. STAT3 mutation is indicative of symptomatic disease
and reduced patient survival; its evaluation is preferentially
suggested for patients affected by CD8 T-LGLL, Ty8 LGLL,
and CLPD-NK, particularly when clonal expansion is sustained
by CD16+/CD56- LGLs. STAT5b mutation has a controversial
significance depending on the immunophenotype of the mutated
clone. In fact, it is regarded as the signature of an aggressive

CD8+ T-LGLL

D3+
T/S LGLL
STAT3 Pl cDi6+/cDS6-

CLPD-NK

CD4+ T-LGLL -
STATSb mutation TyS LGLL

Symptomatic disease

FIGURE 2 | STAT3 and STAT5b mutations are preferentially found in
phenotypically distinct LGL disorders and can correlate with different
clinical presentations.
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clinical course with a poor prognosis in CD8+ TLGLL,
characterized by CD56+/CD16-/CD57- LGLs, and aggressive
NK cell leukemia, while it is devoid of negative prognostic
significance in CD4+ T-LGLL and Tyd LGLL. Unfortunately,
the key factors addressing these two different clinical courses are
currently unknown.

STAT3 and STAT5b mutations have been included in the 2017
WHO classification of LGLL with the indication that STAT5b
mutation is associated with a more aggressive disease (12).
Now this statement needs to be updated (i) highlighting the
correlation between STAT3 mutation, symptomatic disease and
short patient survival and (ii) adding the issue of discovery
of STAT5b genetic lesions also to indolent CD4+ T-LGLL and
Ty8 LGLL. Moreover, in terms of aggressive LGLL harboring
STAT5b mutation, the current WHO classification recognizes
only ANKL, but does not yet recognize the T-related variants as a
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