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Review Article

Clinical application of genomic aberrations in adult T-cell
leukemia/lymphoma

Keisuke Kataoka and Junji Koya

Adult T-cell leukemia/lymphoma (ATL) is an aggressive peripheral T-cell malignancy with a markedly poor prognosis. The
low prevalence of ATL among human T-cell leukemia virus type-1 (HTLV-1) carriers and the long latency period before ATL
onset suggest that additional genetic lesions are required for ATL leukemogenesis. Recently, a large-scale genetic analysis clar-
ified the entire picture of genetic alterations, identified a number of novel driver genes, and delineated their characteristics.
Frequent alterations are observed in the molecules belonging to T-cell receptor/NF-«kB signaling and other T-cell-related path-
ways. A notable feature of the ATL genome is the predominance of gain-of-function alterations, including activating mutations
in PLCGI, PRKCB, and CARD11. As many as one-fourth of all ATL cases harbor structural variations disrupting the
3’-untranslated region of the PD-L1 gene, leading to immune evasion of tumor cells. The frequency and pattern of these
somatic alterations differ among clinical subtypes. Aggressive subtypes are associated with an increased burden of genetic
alterations, and higher frequencies of 7P53 and /RF'4 mutations, PD-L1 amplifications, and CDKN2A4 deletions than indolent
subtypes. In contrast, STAT3 mutations are more characteristic of indolent ATL. Furthermore, these subtypes are further clas-
sified into molecularly distinct subsets with a different prognosis by genetic alterations. We present an overview of the current
understanding of somatic alterations in ATL, with specific focus on their utility in clinical settings. Furthermore, we highlight
their genetic features by exploring their similarities and differences among peripheral T-cell lymphomas.
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INTRODUCTION
Adult T-cell leukemia/lymphoma (ATL) is an aggressive

DISTINCT FEATURES OF GENETIC
ALTERATIONS IN ATL

peripheral T-cell malignancy with a markedly poor progno-
sis.!?  This neoplasm is caused by human T-cell leukemia
virus type-1 (HTLV-1) retroviral infection and is often
reported in HTLV-1 endemic regions such as southwestern
Japan, the Caribbean Basin, Latin America, Australia,
Melanesia, the Middle East, Romania, and Central Africa.
Only a small proportion of HTLV-1-infected individuals
(6-7% of males and 2-3% of females) progress to ATL, typi-
cally more than 40-60 years after HTLV-1 infection.'?
HTLV-1-coded gene products, such as Tax and HBZ, have
been widely examined and demonstrated to play an essential
role in ATL development and/or maintenance.* However,
the low prevalence of ATL among HTLV-1 carriers and the
long latency period before ATL onset suggest the necessity of
additional genetic alterations for ATL leukemogenesis.’

A large-scale genetic analysis clarified the overall picture
of somatic alterations, identified a number of novel drivers,
and characterized their unique genetic features® (Table 1).
This study demonstrated the strong enrichment of driver
lesions in the T-cell receptor (TCR)/NF-«xB signaling path-
way, in which mutations in the proximal mediators of TCR
signaling (PLCG1, VAV, RHOA, and FYN) and downstream
components belonging to the NF-xB pathway (PRKCB and
CARDI11), in addition to gene fusions involving a co-stimula-
tory and co-inhibitory molecule (CD28, CTLA4, and ICOS),
are frequently observed.® Of note, frequently altered genes,
such as PLCG1, PRKCB, and CARD11, are predominantly
targeted by activating mutations. Moreover, negative regula-
tors of this pathway, including CSNK1A41, TNFAIP3, and
CBLB, are commonly affected by loss-of-function mutations
and focal deletions. Together, somatic alterations in the
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Table 1.
Pathway Gene Altered frequency Association with clinical Association‘ with Other alterations
(WES) subtype prognosis
TCR/NF-xB PLCGI 33%
pathway PRKCB 25% Frequent in aggressive ATL ~ Worse in aggressive ATL
CARDI11 21% Intragenic deletions in 8%
VAV 14%
CD28 14% Fusions in 7%
RHOA 9%
FYN 1%
CSNK1A1 6%
TNFAIP3 6%
CBLB 5%
Chemokine CCR4 31%
receptor CCR7 11%
GPR183 7% Frequent in aggressive ATL
Tumor suppressor TP53 25% Frequent in aggressive ATL
CDKN24 22% Worse in indolent ATL
TP73 1% Intragenic deletions in 10%
Transcriptional IRF4 16% Frequent in aggressive ATL Worse in indolent ATL
regulation IRF2BP2 10% Frequent in aggressive ATL
GATA3 14%
PRDM1 12% Frequent in aggressive ATL
IKZF2 4% Intragenic deletions in 35%
Other signaling NOTCHI 10%
STAT3 23% Frequent in indolent ATL
Immune evasion PD-L1 10% Frequent in aggressive ATL Worse in both ATL 3’-UTR truncation in 27%
PDCDI1 12%
CD58 20% Frequent in aggressive ATL
B2M 4% Frequent in aggressive ATL
HLA-A 10%
HLA-B 7%
FAS 10%
Epigenetic TET2 11% Frequent in aggressive ATL
regulation DNMT3A4 2%
IDH2 2%
EP300 5%

Frequencies and clinical implications of somatic alterations in ATL (n = 81)° analyzed by whole-exome sequencing (WES). Other altera-
tions include somatic alterations detected by whole-genome or RNA sequencing.

TCR/NF-«B pathway are noted in more than 90% of ATL
cases, which is consistent with almost all ATL cells exhibit-
ing constitutive activation of the NF-xB pathway.” Indeed,
the HTLV-1 protein Tax induces the nuclear localization and
subsequent activation of NF-kB, which was proposed to play
an important role in the transformation of T-cells by HTLV-
1.489 However, HTLV-1 sense-strand genes, including Tax,
are downregulated or even genetically silenced in most ATL
cases.® Several recent studies reported that Tax is expressed
in short, self-terminating bursts in a minor fraction of ATL
cells, leading to persistent infection and leukemogenesis.!®!!
Therefore, ATL cells may exploit these host and viral mecha-
nisms to activate the NF-kB pathway required for their main-
tenance and progression. Furthermore, other T-cell-related
signaling pathways, including the JAK/STAT (STAT3) and
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NOTCH (NOTCH]) pathways, are frequently altered in ATL.

There are several lines of evidence that acquired immune
response to HTLV-1 limits the proviral load, which is a major
determinant for the risk of ATL development, suggesting the
relevance of immune evasion in ATL pathogenesis.'?
Indeed, immunogenic viral genes, especially Tax, are almost
not expressed in most ATL cases.® Moreover, ATL cells
commonly acquire genetic lesions in immune-related mole-
cules (Figure 1). In particular, as many as one-fourth of ATL
cases harbor structural variations (SV) causing disruption of
the PD-L1 3'-untranslated region (UTR)."* PD-LI is an
immune checkpoint molecule expressed by a variety of tumor
cells, which binds to PD-1 receptor on effector T-cells,
enabling tumor escape from immune surveillance.'* Asa
consequence of SV, such as deletion, inversion, tandem
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Fig. 1. Genetic alterations associated with immune evasion and chemotaxis. Altered frequencies by whole-exome

sequencing (n = 81)° are shown.

duplication, and translocation, 3’-UTR disruption causes
PD-L1 overexpression, resulting in immune escape and
tumor growth."® Loss-of-function alterations of MHC class
1 (HLA-A, HLA-B, and B2M) and other immune-associated
molecules (CD58 and FAS) are also present in more than half
of all ATL cases.® In addition to genetic alterations, DNA
hypermethylation frequently affects the CpG islands of MHC
class 1 genes, leading to reduced expression. Together,
genetic and epigenetic abnormalities targeting antigen pre-
sentation machinery are present in approximately 90% of
cases, demonstrating the importance of immune evasion in
ATL.

Another frequently altered pathway in ATL is chemokine
receptors (CCR) mediating T-cell migration such as CCR4,
CCR7, and GPR183%" (Figure 1). C-terminal truncating
mutations of CCR4 and CCR7 induce upregulation of surface
receptor expression, and augment ligand-mediated chemo-
taxis and downstream PI3K-AKT signaling, suggesting a
gain-of-function property of these mutations.*'> In contrast,
nonsense and frameshift mutations and focal deletions fre-
quently affect GPR183, encoding Epstein—Barr virus-induced
gene 2 (EBI2), which is involved in positioning and cell fate
determination of activated CD4" T-cells.*!® Mutations in
epigenetic and histone modifying genes, such as TET2 and
EP300, are also observed in ATL.*'7 These mutations were
reported to be more prevalent in North American patients
than in Japanese ATL patients, suggesting a possible differ-
ence in mutational profile among different ethnic cohorts."”

In addition to PD-L1 SV, ATL cells also harbor several
unique SV such as intragenic deletions and/or inversions of
IKZF2, TP73, and CARDI11.° Intragenic deletions and inver-
sions commonly involve exons 5 and 6 of /KZF2 (or
HELIOS), encoding an essential transcription factor in T-cell
function, which accounts for approximately one-third of ATL
cases. These intragenic deletions create aberrantly spliced
transcripts, which were reported to act in a dominant-nega-
tive manner against IKZF1 (or IKAROS) and IKZF2.13
Another target of interest of intragenic deletion is 7P73, a
TP53 homolog. Found in approximately 10% of ATL cases,
intragenic deletions exclusively affect exons 2 and 3 of the
TP73 gene. These deletions lead to mutant p73 lacking the
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trans-activation domain, which was reported to function in a
dominant-negative manner against p53 and p73." In con-
trast, small intragenic deletions targeting the inhibitory
domain of CARDI1 are recurrently observed in ATL.
Similar to mutations, these intragenic deletions are thought to
disrupt the interaction between the coiled-coil and inhibitory
domains, resulting in constitutive activation of CARD11 and
downstream NF-«B activation.?® Taken together, ATL exhib-
its a distinct profile of genetic lesions, which largely con-
verge on the TCR/NF-«kB pathway and other T-cell-related
molecules. In addition, a unique constellation of somatic
alterations, such as PD-L1 3’-UTR truncation and /IKZF?2
intragenic deletions, characterize the ATL genome, which
may underlie its distinct pathological and clinical
manifestations.

DIFFERENCES AND SIMILARITIES OF
GENETIC ALTERATIONS AMONG
PERIPHERAL T-CELL LYMPHOMAS

Peripheral T-cell lymphoma (PTCL) is a heterogeneous
group of T-cell malignancies with different clinical, biologi-
cal, and molecular features.?' In addition to ATL, this cate-
gory includes PTCL, not otherwise specified (PTCL, NOS),
angioimmunoblastic T-cell lymphoma (AITL), anaplastic
large cell lymphoma (ALCL), and extranodal natural killer
(NK)/T-cell lymphoma, nasal type (ENKTL). The genetic
landscapes of these PTCL subtypes demonstrate extensive
heterogeneity within and across subtypes, in addition to sev-
eral common themes through similar altered molecules and
pathways, and overlapping mechanisms of lymphomagenesis
(Figure 2).

PTCL, NOS is a diagnosis of exclusion, being the most
common subtype of PTCL. A subset of PTCL, NOS was
reported to exhibit a T-follicular helper (TFH) cell pheno-
type, such as PD-1, CD10, CXCL13, BCL6, and ICOS
expression, and to share pathological characteristics with
AITL.2" In addition, these cases exhibit a similar pattern of
genetic alterations to AITL such as TET2, RHOA, DNMT3A,
and IDH?2 mutations.?>* In particular, the RHOA G17V
mutation is highly specific to these two PTCL subtypes, and
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Fig. 2. Comparison of frequencies of genetic alterations among ATL (n = 81),° PTCL, NOS (n = 133),%” AITL (n = 26),>” ALCL (n = 23),%
and ENKTL (n = 25)*! analyzed by whole-exome or targeted sequencing.

induces TFH lineage specification and the development of
T-cell lymphomas, in cooperation with TET2 loss in vivo.*
Based on these findings, in the revised World Health
Organization (WHO) classification of hematological malig-
nancies, this subset of PTCL, NOS is classified as PTCL with
a TFH cell phenotype as a provisional entity.?! On the other
hand, recent genetic studies identified a new molecular sub-
type characterized by 7P53 and/or CDKN2A mutations and
deletions in non-TFH PTCL, NOS.?”?®* This subtype exhibits
distinct genetic features associated with widespread genomic
instability, which preferentially affects molecules involved in
immune escape such as HLA-A and HLA-B.*’ In addition to
these subtype-defining alterations, recurrent mutations are
found in other epigenetic regulators (KMT2C and ARID14)
and TCR signaling molecules (PLCGI and CD28).

ALCL is characterized by the proliferation of predomi-
nantly large lymphoid cells with strong CD30 expression and
classified into two groups based on the expression of ALK.?!
ALK-positive ALCL usually has a favorable outcome and
has a defining translocation involving the ALK gene, such as
NPM1-ALK, leading to STAT3 constitutive activation. In
contrast, ALK-negative ALCL has recurrent activating muta-
tions in JAKI and/or STAT3, and translocations involving
tyrosine kinases genes other than ALK.* These genetic
events also activate STAT3, which can explain the biological
and pathological similarities between ALK-positive and
ALK-negative ALCL.

ENKTL is a predominantly extranodal lymphoma of
NK-cell or T-cell lineage, characterized by vascular damage
and destruction, prominent necrosis, cytotoxic phenotype,
and strong association with Epstein-Barr virus.?’ The most
common genetic alterations in ENKTL are PD-L-involving
structural variations, mainly consisting of 3’-UTR trunca-
tions, which are found in as many as 40% of cases.?®
Recurrent mutations are also frequently located in the RNA
helicase DDX3X, tumor suppressors (7P53 and MGA), and
JAK/STAT pathway molecules (STAT3 and STAT5B).*!

ATL shares many altered molecules and pathways with
other PTCL subtypes. For example, most PTCL subtypes
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have a high prevalence of TP53 and STAT3 mutations. In
addition, immune-related molecules and epigenetic regulators
are altered in more than one subtype, with a range of frequen-
cies. Although the TCR/NF-kB pathway is commonly
affected in many PTCL subtypes, the altered frequency is
highest in ATL, which is consistent with gene expression pro-
filing demonstrating strong enhancement of this pathway in
ATL.3? 1In this pathway, ATL harbors frequent alterations in
PLCGI1, CARDI11, PRKCB, and IRF4, among which, the lat-
ter two are characteristic of ATL. On the other hand, RHOA
G17V mutation is more characteristic of TFH-related lym-
phomas. Moreover, there are other genetic lesions with a
high specificity for ATL such as those in chemokine receptors
(CCR4 and CCR7). Therefore, although many somatic
lesions are shared across PTCL subtypes, ATL exhibits a spe-
cific pattern of genetic alterations, which may characterize
the distinct pathogenesis of this neoplasm.

ASSOCIATION OF GENETIC ALTERATIONS
WITH DISEASE PHENOTYPE AND CLINICAL
OUTCOME IN ATL

Based on clinical manifestations, ATL is classified into
four subtypes: acute, lymphoma, chronic, and smoldering.'
Acute and lymphoma ATL are highly aggressive diseases
with a markedly poor prognosis and usually require intensive
treatment, including allogeneic hematopoietic stem cell trans-
plantation (HSCT), which is the only potentially curative
therapy for this neoplasm. The chronic and smoldering sub-
types generally exhibit a slowly progressive clinical course,
but many cases eventually progress to more aggressive dis-
case. As many genetic alterations are shared across aggres-
sive and indolent diseases, these subtypes are closely related
from a genetic perspective. However, there are still substan-
tial differences among them.? Aggressive subtypes exhibit
an increased burden of mutations and copy number altera-
tions, suggesting that accumulated genetic alterations drive
ATL progression. In particular, 7P53 and /RF4 mutations,
PD-L1 amplification, and CDKN24 deletion are more common



in aggressive subtypes, suggesting that these alterations can
lead to acute transformation of indolent ATL (Figure 3).
Among these, the most significantly enriched is /RF4 muta-
tion, preferentially targeting the DNA-binding domain, such
as K59, L70, and S114, which suggests a gain-of-function
nature. Indeed, K59R mutation was reported to increase
nuclear localization and transcriptional activation, resulting
in the expansion of T-cells in vivo.**

On the other hand, only S74 73 mutation is more frequent
in indolent ATL, affecting 39% of indolent cases compared
with 15% of aggressive cases,* suggesting that STAT3 muta-
tion characterizes indolent behavior. The clinical course
until the development of aggressive ATL is diverse; some
patients acutely develop aggressive diseases from an asymp-
tomatic status, whereas indolent disease transforms into acute
disease after many years in others. The presence of STAT3
mutation in aggressive ATL suggests a transformation from
indolent ATL. Almost all STAT3 mutations affect the SH2
domain, forming prominent hotspots at Y640 and D661,
which were demonstrated to induce increased STAT3 tran-
scriptional activity.*¥3 A high frequency of STAT3 muta-
tion is also observed in other mature T- or NK-cell neo-
plasms, such as large granular lymphocytic leukemia and
chronic lymphoproliferative disorders of NK cells, implicat-
ing gain-of-function S74 73 mutation in the slowly progres-
sive clonal expansion of T- and NK cells.?*¥” As all ATL
cases harboring STAT3 mutations were reported to exhibit
distinct genetic features, such as rare 7P53 mutations, further
investigation of this entity is warranted.®

It is well known that several clinical factors are associ-
ated with the clinical outcome of ATL." For example, a
prognostic index for acute and lymphoma subtypes (ATL-PI;
based on stage, performance status, age, albumin, and soluble
IL-2 receptor level) and Japan Clinical Oncology Group
prognostic index (JCOG-PI; based on calcium level and per-
formance status) can predict patient survival in aggressive

Genetic alterations in ATL

ATL.%®3° Moreover, albumin, blood urea nitrogen (BUN),
and lactate dehydrogenase (LDH) levels are adverse prognos-
tic factors for indolent ATL.'?* In addition to these clinical
factors, genetic alterations were recently reported to influence
the prognosis of ATL.* First, higher numbers of somatic
mutations and copy number alterations are significantly cor-
related with a poorer prognosis of ATL patients. Second,
among these somatic alterations, PRKCB mutations and
PD-L1 amplification are independent poor prognostic indica-
tors in aggressive ATL, even after adjusting for clinical fac-
tors. Inindolent ATL, /RF4 mutation, PD-LI amplification,
and CDKN24 deletion independently predict shorter survival,
suggesting that genetic aberrations characterizing aggressive
ATL are associated with a poorer prognosis in indolent ATL.
Taken together, these observations suggest that ATL clinical
subtypes can be divided into genetically different subsets that
have a different prognosis. Genetic profiling by next-gener-
ation sequencing can improve prognostic stratification and
provide a better therapeutic strategy such as early interven-
tion by systemic chemotherapy and/or allogeneic HSCT for
indolent ATL.

GENETIC ALTERATIONS AS THERAPEUTIC
TARGETS FOR ATL

In addition to the prognosis, the associations of genetic
alterations with the response to a specific targeted therapy
have been reported. CCR4 mutation was found to predict a
better response to the anti-CCR4 antibody mogamulizumab,
suggesting the possibility of this mutation as a biomarker.*’
In addition, patients with Hodgkin lymphoma harboring
PD-L1 genetic alteration exhibit superior outcomes following
PD-1 blockade therapy, although this alteration is associated
with shorter survival after conventional chemotherapy.*'#?
Thus, PD-L1 amplification and 3’-UTR truncation may func-
tion as predictive biomarkers for immune checkpoint blockade

g Tw T w * % w7 * * ok x k %k *x * * *
T
jl_J __________________________________________________________________________
©
g Bl Safufalel 3l il iiifiiidid | Rt -4
©
. I I e b _______ 4.
@
o _L A o b ____ ___r 1A
o
- 1 T I N T e |
g 1l ] | B ibh 1okl L]
S | || | |
2 005- L H-N-H- 1o 1- 4 - Mo LML -L-IL
2, | AN Al I LI
- - o o= M~ o~ o o W w % W ™ - M ™M
63 ERPIBIlg?2cdIL988y ILIPY BarsIrsgRA
OXO0QITITEXOCEEGLOGFTWSPAQw Q x4~ QO XXISIISEF =z QL
Jrx o ESFRRETIQS L7l o0oxg OTFIF OaSRFFICEFREFE
a o < W ) 15 'y I u a Q __,l-.Jq;IIZQ_QEL--
(8] m s @x = o QL 9 o oo@ oo e O O m
[ = [V (")Qﬁ“ “p._"'NN‘_U)”..--‘_
2 ool S0 o998 39S
I ™ ©oF T oY LooT on Q-
< N o T 28
— ) o o <
Mutation Amplification Deletion

B Acute and lymphoma

m Chronic and smoldering
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ATL analyzed by targeted sequencing (n = 414) and SNP array (n = 463).3
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therapy in ATL. On the other hand, ATL has frequent focal
deletions in PDCD1, encoding PD-1, which is a master gene
suppressing oncogenic T-cell signaling.®* Indeed, a small
prospective study found that patients with ATL had rapid dis-
ease progression and increased viral replication after treat-
ment using the anti-PD-1 antibody nivolumab, although it is
not clear whether these patients had PD-L1 genetic altera-
tions.* Therefore, further studies carefully examining the
efficacy of immune checkpoint therapy and its associations
with somatic alterations involving PDCD] and PD-L1 are
needed for ATL. In addition, inhibitors of MALT1, which
forms signalosome complexes with CARD11 and BCL10,
were previously reported to suppress NF-kB and JAK/STAT
signaling, and induce growth retardation in an activated
B-cell-like subtype of diffuse large B-cell lymphoma.*3-4¢
The predominance of gain-of-function mutations in the TCR/
NF-«kB signaling pathway provides theoretical rationale for
exploiting these agents against ATL. Therefore, molecular
profiling can not only improve prognostic stratification, but
also help in predicting the efficacy of molecularly targeted
agents.

CONCLUSION

Next-generation sequencing technologies have delineated
the entire landscape of genetic alterations and identified
many driver genes in ATL. The ATL genome is character-
ized by frequent alterations in molecules associated with
TCR/NF-kB signaling, immune evasion, and other T-cell-
related pathways. In addition, these somatic alterations dif-
fer in frequency among subtypes and further characterize
molecularly distinct subsets with different prognoses within
the subtype. These observations provide useful information
for exploiting these alterations as predictive biomarkers and
novel drug targets in ATL. Taken together, the genetic find-
ings provide novel insights into the molecular basis of ATL,
which can be used for further therapeutic and diagnostic
development to improve the management of this disease.
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