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ABSTRACT

The FYN-TRAF3IP2 gene fusion drives

oncogenic NF -2 B s ilingg m @eripheral T cell lymphoma

Christine S. Kim

Angioimmunoblastic T cell lymphoma (AITL) and peripheral T cell lymphoma not-otherwise-

specified (PTCL, NOS) have poor prognosis and lack actionable targets for directed therapies in

most cases. Here we report the identification of FYN-TRAF3IP2 as a novel highly recurrent

oncogenic gene fusion in AITL and PTCL, NOS tumors. Mechanistically, FYN-TRAF3IP2 triggers

aberrant NF-e B activity by engaging TRAF6 dow/osetveream of T
FYN-TRAF3IP2 expression in hematopoietic progenitors induces NF-a Bdriven T cell

transformation in mice and cooperates with loss of the Tet2 tumor suppressor in PTCL

development. Therapeutically, abrogation of NF-e B s i g n BYNiTRAF3IR2+induced tumors

via | 8B kinase i nhi blynplooma effetts in vivoeandsn vivd. These gesulésn t i

formally demonstrate an oncogenic role for FYN-TRAF3IP2 and NF-a B signaling in

pathogenesis of PTCL.
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Chapter 1: Introduction

|. Peripheral T cell lymphoma

History

T cell lymphomas were first recognized as distinct entities from B cell non-Hodgkin lymphomas
(NHLs) in 1974, when Robert Lukes and Robert Collins proposed the Lukes-Collins classification
of lymphomas (Lukes and Collins 1974). By 1988, the Kiel classification, a system widely used in
Europe and Asia developed by Karl Lennert, was also updated to place lymphomas under separate
columns of B cell and T cell types (Feller and Diebold 2004). The specific diagnoses of mature T
cell lymphomas became widely accepted with the introduction of the REAL (revised European-
American Classification of Lymphoid Neoplasms) classification in 1994 (Harris et al. 1994). The
first system of an international consensus, the REAL classification listed over 10 disease entities
asfi Per i [ kel and NK-cell neoplasms.o

In 2001, the World Health Organization (WHO) largely adopted the REAL system to develop an
internationally authoritative hematologic malignancy classification system and categorized 14
entities of clonal mature T- and NK-cell tumors as one group mostly based on the clinical
presentation and histological morphology (Jaffe et al. 2001). The WHO has since updated the

system to incorporate the new information uncovered in T cell ymphoma research. The most recent

WHO system of 2016 catalogues over 25 di seanat

NK-c e | | n e o(Pablea k1 swmbich include both cutaneous T cell lymphoma (CTCL) and
peripheral T cell ymphoma (PTCL), reflecting the remarkable heterogeneity of this group of disease
that was further elucidated by the molecular advances in the understanding of the tumor

pathobiology (Swerdlow et al. 2016).

e

di agnc



Table 1.1 7 List of mature T and NK cell neoplasm

entities based on the 2016 WHO classification

Category Subtype Status
T cell prolymphocytic leukemia Definite
T cell large granular lymphocytic leukemia Definite
] Chronic lymphoproliferative disorder of NK cells Provisional
Predominantly
leukemic Aggressive NK cell leukemia Definite
diseases - - —
Systemic EBV+ T cell lymphoma of childhood Definite
Hydroa vacciniforme-like lymphoproliferative disorder Definite
Adult T cell leukemia/lymphoma Definite
Peripheral T cell ymphoma, Not otherwise specified Definite
Angioimmunoblastic T cell lymphoma Definite
Follicular T cell lymphoma Provisional
Predominantly . . -
nodal diseases Nodal peripheral T cell lymphoma with TFH phenotype Provisional
Anaplastic large-cell lymphoma, ALK+ Definite
Anaplastic large-cell lymphoma, ALK- Definite
Breast implanti associated anaplastic large-cell lymphoma Provisional
Extranodal NK-/T cell lymphoma, nasal type Definite
Enteropathy-associated T cell ymphoma Definite
Predominantly  Monomorphic epitheliotropic intestinal T cell lymphoma Definite
extranodal
diseases Indolent T cell lymphoproliferative disorder of the Gl tract Provisional
Hepatosplenic T cell lymphoma Definite
Subcutaneous panniculitis-like T cell lymphoma Definite
Mycosis fungoides Definite
Sézary syndrome Definite
Primary cutaneous CD30+ T cell lymphoproliferative disorders
- Lymphomatoid papulosis Definite
Predominantly - Primary cutaneous anaplastic large cell lymphoma
cutaneous Pri mary cuT eelhlgnphoma o U Definite
diseases _ _ _ _ _
Primary cutaneous CD8+ aggressive epidermotropic cytotoxic T cell Provisional
lymphoma
Primary cutaneous acral CD8+ T cell lymphoma Provisional
Primary cutaneous CD4+ small/medium T cell lymphoproliferative .
Provisional

disorder




Clinical presentation and diagnosis

A diverse array of different T cell neoplasms comprises T cell lymphoma (TCL), potentially related
to the heterogeneity of its normal mature T cell counterparts. Even with the 27 distinct entities
currently defined by the WHO diagnostic standard (Table 1.1), about a third of TCL cases still do
not meet the existing criteria for any classification and receive a diagnosis of exclusion, PTCL, not
otherwise specified (PTCL, NOS).

WHO diagnostic criterion for each entity involve clinical, phenotypic, and morphological feature of
the disease. TCL can be broadly grouped into two categories based on the clinical presentation:
cutaneous T cell lymphoma (CTCL) with predominantly cutaneous presentation and peripheral T
cell lymphoma (PTCL), which encompasses leukemic (disseminated), nodal, and extranodal
diseases (Table 1.1) (Campo et al. 2008). Leukemic diseases, like T-prolymphocytic leukemia (T-
PLL) and adult T cell leukemia-lymphoma (ATL or ATLL), are characterized by circulating malignant
T lymphoid cells that lead to marked lymphocytosis, generalized lymphadenopathy, and
hepatosplenomegaly. Nodal PTCLs include some of the better described entities, such as
angioimmunoblastic T cell ymphoma (AITL) and anaplastic large cell ymphoma (ALCL). Similar to
other aggressive lymphomas, they commonly present with generalized lymphadenopathy and
systemic B symptoms and, despite what the name suggests, often involve extranodal disease. On
the other hand, extranodal lymphoma frequently is a localized disease without any nodal
involvement. They are defined by the localization of the tumor: extranodal NK/T cell lymphoma,
nasal type (ENKTCL), subcutaneous panniculitis-like T cell lymphoma (SPTCL), enteropathy
associated T cell lymphoma (EATL), and hepatosplenic T cell lymphoma (HSTCL). Lastly,
cutaneous T cell ymphomas (CTCLSs), the most prominent of which are Sézary syndrome (SS) and
mycosis fungoides (MF), present with various manifestations on the skin, which range from plaques
to erythema. Lastly, PTCL, NOS, an inherently heterogeneous subgroup, most often presents in
the lymph nodes, but can also be extranodal.

Differential diagnosis of PTCL heavily relies on histopathology of the disease. With the exception
of Anaplastic Lymphoma Kinase (ALK)-translocated ALCL (ALK+), the only PTCL entity to date

defined by a genetic marker, morphologic characteristics represent the hallmark features of each



PTCL subgroup. AITL consists of polymorphous infiltrate involving lymph nodes with a prominent
proliferation of high endothelial venules and follicular dendritic cells (Swerdlow et al. 2017). ALCL
is composed of large cells with round or pleomorphic, often horseshoe-shaped nuclei with multiple
prominent nucleoli. Follicular T cell ymphoma (FTCL) demonstrates a nodular growth pattern in
lymph nodes.

Increasing number of studies reveal that each PTCL subtype is a clinically distinct disease that, for
efficient treatment, warrants therapeutic strategy uniquely tailored to its underlying pathogenesis.
Therefore, diagnostic precision of PTCL has become more important than ever. However, arriving
at a confident diagnosis remains difficult. The diagnostic workup varies widely among institutions
(I et al. 2017), and pathologists often disagree on the diagnosis of a specific subtype (Vose et al.
2008, Weisenburger et al. 2011a). The overall rarity and heterogeneity of this disease, the complex
diagnostic criteria that necessitates exhaustive amounts of testing and expertise, and the lingering
ambiguity in boundaries between some entities due to incomplete understanding of the underlying

biology all contribute to the challenges of diagnosing and effectively treating these cancers.

Epidemiology

PTCL incidence varies substantially across geographical regions, accounting for 10 to 15% of NHL
in Western countries and 20 to 25% in Asia (1997, Anderson et al. 1998, Vose et al. 2008). The
PTCL incidence is higher in Asia, Africa, and the Caribbean possibly due to the frequency of
endemic Human T-lymphotropic virus 1 (HTLV-1) and Epstein-Barr Virus (EBV) infections, which
are associated with ATL and NKTCL respectively (Arber et al. 1993, Jaffe et al. 1996, Au et al.
2009, Laurini et al. 2012, Chihara et al. 2014, Adams et al. 2016). In the United States, the age-
adjusted incidence rate for PTCL more than quadrupled from 0.2 to 0.9 cases per 100,000
population from 1992 to 2005 (Abouyabis et al. 2008). The surge in incidence rate is partially
explained by the increased awareness of the previously under-diagnosed lymphoma subtypes
since the introduction of the WHO classification system. Most PTCL subtypes are more frequent in
males, and the incidence increases with age (Abouyabis et al. 2008, Vose et al. 2008, Adams et

al. 2016).



The two most common subtypes are PTCL, NOS (25.9%) and AITL (18.5%) (Vose et al. 2008).
Reflecting the challenge of subtyping PTCLs under current diagnostic schemes, about 30% of T
cell ymphomas in North America and Europe do not meet the criteria for a distinct diagnosis and
are classified as PTCL, NOS (Vose et al. 2008, Weisenburger et al. 2011b). The most common
discrete PTCL entity, AITL is more frequent in Europe (28.7%) than in North America (16.0%) (Vose
et al. 2008, Federico et al. 2013). Both PTCL, NOS and AITL primarily affect the elderly with a
median age at diagnosis of 60 years for PTCL, NOS (Weisenburger et al. 2011b) and 65 years for
AITL (Federico et al. 2013). While the neoplastic T cells of PTCL, NOS and AITL are not associated
with viral infections, studies of their disease biopsies have found that EBV-infected bystander B
cells are present in about 50% of the cases (Tan et al. 2006). Other more common PTCL subtypes
include ENKTCL (10.4%), ATLL (9.6%), ALK-positive ALCL (6.6%), and ALK-negative ALCL

(5.5%) (Vose et al. 2008).

Genetic and molecular landscape of PTCL

Molecular studies of PTCL have demonstrated the potential for a more accurate classification and
a more efficient subtype-specific targeted therapy. Early on, gene expression profiling studies have
identified distinct signatures enriched in major PTCL entities such as AITL. The gene expression
signature of AITL resembles that of follicular T-helper (TFH) cells, a subset of CD4+ T helper cells
residing in the germinal centers, establishing TFH cells as the normal counterpart of the AITL tumor
(de Leval et al. 2007). Notably, AITL-associated transcriptional signatures were present in about
15% of tumors diagnosed as PTCL, NOS, supporting that molecular characterization may deliver
a more accurate PTCL classification than histology (Igbal et al. 2014).

Advances in genomic sequencing technologies have permitted identification of recurrent genetic
alterations in nearly every PTCL subtype albeit stopping short of uncovering entity-defining genetic
markers. Across various subtypes, exome sequencing studies have revealed point mutations,
indels, and copy number changes in genes involved in epigenetic regulation, T cell receptor (TCR)
and co-stimulatory signaling, and JAK/STAT pathway (Table 1.2). In addition, a number of
recurrent fusion oncogenes have emerged in PTCL, adding to the NPM-ALK gene fusion

characteristic of ALK+ ALCL first identified in 1994 (Morris et al. 1994). Considering the important



role that chromosomal rearrangements play in the pathogenesis and clinical management of other
hematologic malignancies (Das and Tan 2013, Wang et al. 2017), identification of fusion
oncogenes in PTCL may help us better understand the disease and facilitate improved therapy in
clinical settings.

The sections below discuss our current insight into the genetic and molecular landscape of some

of the more common PTCLs.

Angioimmunoblastic T cell lymphoma

Following the gene expression profiling study that revealed TFH cells as the potential normal
counterpart of AITL (de Leval et al. 2007), mutational analyses have uncovered highly recurrent
somatic mutations in AITL with roles in TFH transformation. Genes most often altered in AITL
include those involved in epigenetic regulation, T cell receptor (TCR) activation, and RHOA
signaling (Table 1.2).

RhoA GTPase, encoded by the RHOA gene, is a molecular switch that regulates multiple biological
processes, best characterized for its role in cytoskeleton remodeling. Studies in T cells have
reported its role in polarization, migration and TCR signaling (del Pozo et al. 1999, Corre et al.
2001, Heasman et al. 2010, Mou et al. 2012). Heterozygous missense mutations of RHOA are
present in up to 70% of AITL (Figure 1.1a), highlighting the central role of RHOA in the
pathogenesis of AITL (Manso et al. 2014, Palomero et al. 2014, Sakata-Yanagimoto et al. 2014,
Yoo et al. 2014, Wang et al. 2015, Ondrejka et al. 2016). RHOA G17V allele, which accounts for
over 90% of these RHOA mutations, functions as an inactive and dominant negative form, likely
blocking the activity of wild type RHOA (Palomero et al. 2014, Sakata-Yanagimoto et al. 2014, Yoo
et al. 2014). Importantly, RHOA G17V expression in mouse CD4* T cells significantly increases
differentiation towards the TFH lineage and eventually induces T cell lymphoma that faithfully
recapitulate the characteristics of human AITL in cooperation with TET2 loss (Cortes et al. 2018).
Mutations in epigenetic modulators, such as TET2, DNMT3A and IDH2, are widely present in
hematological malignancies. TET2 inactivating mutations are especially prevalent in AITL (70%)
(Figure 1.1a) (Palomero et al. 2014, Sakata-Yanagimoto et al. 2014) and are associated with

expression of TFH markers, advanced stage disease, and adverse clinical outcome (Lemonnier et



al. 2012). Notably, mice studies have demonstrated that loss of Tet2 results in increased self-
renewal and repopulating ability of hematopoietic stem cells (Ko et al. 2011, Ko and Rao 2011, Koh
et al. 2011, Li et al. 2011, Moran-Crusio et al. 2011, Quivoron et al. 2011, Kunimoto et al. 2012,
Shide et al. 2012).

IDH2 mutations in PTCL occur exclusively in AITL (20-45%) and involve only the position R172
(Figure 1.1a) (Cairns et al. 2012, Wang et al. 2015). R172 mutations in IDH2 lead to accumulation
of the I-enantiomer of 2-hydroxyglutarate, which antagonizes the activity of the TET family of
enzymes, and reportedly cooperate with the TET?2 inactivation to upregulate the expression of TFH
specific genes (Parker and Metallo 2015, Wang et al. 2015).

In addition, recurrent loss of function mutations in DNMT3A are present in 10-40% of AITL samples,
frequently along with Tet2 mutations (Figure 1.1) (Couronne et al. 2012, Palomero et al. 2014,
Sakata-Yanagimoto et al. 2014, Yoo et al. 2014, Wang et al. 2015). In fact, mutations in these
epigenetic regulators often co-occur in the same case (Figure 1.1), in contrast to myeloid

malignancies, in which IDH2 and TET2 mutations are mutually exclusive (Wang et al. 2015).

(a)
AITL (N = 120)
RHOA G17V
TET2
DNMT3A
IDH2 R172 I
(b)
Co-occurrence (n (%))
RHOA G17V  TET?2 DNMT3A IDH2 R172 Cases
RHOA G717V nla 72 (88) 30 (36.5) 31(37.8) 82
TET2 72 (76.6) nfa 29 (30.8)  29(30.8) 9
DNMT3A 30 (83) 29 (80.5) nfa 15 (41.6) 36
IDH2 R172 31 (97) 20 (90.6)  15(46.8) nja 32

Figure 1.1 7 Co-occurrence of frequent mutations in AITL. a, Analysis of the mutational status of RHOA
G17V, TET2, DNMT3A, and IDH2 in a cohort of 120 AITL (information extracted from published data
(Palomero et al. 2014, Sakata-Yanagimoto et al. 2014, Yoo et al. 2014, Wang et al. 2015)). Each column
represents a patient sample; each row represents mutations in each of the genes of interest. b, Quantification
of the co-occurrence of mutations in RHOA G17V and epigenetic regulators. In the column on the left are the
cases mutated for RHOA G17V, TET2, DNMT3A, and IDH2 R172; on the upper row the co-occurrence
indicated by the number of cases on the left category that also carry the mutation in the genes indicated on
the top (n) and the percentage of co-occurrence calculated from the total number of cases [(%) in bold].
Adapted from (Cortés and Palomero 2016).



Detection of these epigenetic regulator mutations in blood cells of normal elderly individuals (Xie et
al. 2014) and in non-tumor cells of AML and PTCL patients (Quivoron et al. 2011, Sakata-
Yanagimoto et al. 2014) suggest their role as an initial or pre-malignant lesion in hematopoietic
progenitors that could eventually lead to malignant transformation in both the T cell and myeloid
lineages. Notably, nearly 95% of AITL cases with RHOA G17V allele include mutations in at least
one of the three aforementioned epigenetic regulators (Figure 1.1) (Cortés and Palomero 2016).
Based on these findings, a recent study developed a CD4* T cell mouse lymphoma model that fully
recapitulates the features associated with human AITL by expressing RHOA G17V in a Tet2'/ |
background (Cortes et al. 2018, Ng et al. 2018). These reports support the two-hit model of AITL
lymphomagenesis, in which the second hit RHOA mutation drives the full transformation and
lineage specification of the pre-malighant progenitor cells harboring the first-hit lesion in epigenetic
regulators.

Additionally, gene expression profiling studies have implicated TCR signaling dysregulation as a
major factor in AITL pathogenesis (Igbal et al. 2014), and sequencing of AITL samples have
uncovered somatic mutations in genes regulating the TCR activation cascade: PLCG1, 14%
(Vallois et al. 2016); CD28, 10% (Lee et al. 2015, Rohr et al. 2016, Vallois et al. 2016, Vallois et al.
2018); FYN, 3% (Palomero et al. 2014, Vallois et al. 2016); VAV1, 4% (Vallois et al. 2016, Abate
et al. 2017); CARD11, 3% (Vallois et al. 2016) (Figure 1.2 ). Additionally, a copy number alteration
(I) study has reported frequent gains in a region that harbors CARD11 (Fujiwara et al. 2008). TCR
signaling leads to activation of AP-1, NFAT,andNF-a B t r anscr i pt i @lays &critzal
physiologic role in T cell function (Figure 1.2). In this context, the somatic mutations in the TCR
regulatory elements that are reported in AITL are mostly activating: mutations in P L C an,activator
of second messenger diacylglycerol (DAG) encoded by PLCG1, promote MALT1 cleavage and
NFAT activity (Vallois et al. 2016); mutations in CD28, a major co-stimulatory molecule for TCR
activation encoded by CD28, induce increased NF-a B a c (Léeetiat 3015, Rohr et al. 2016);
mutations in the SRC family tyrosine kinase FYN, a crucial proximal element of TCR signaling
cascade encoded by FYN, disrupt the intramolecular inhibitory interaction of the kinase (Palomero

et al. 2014); mutations in hematopoietic-specific guanine nucleotide exchange factor (GEF) VAV1

ogr ams

an



encoded by VAV1, another significant mediator of TCR signaling, often cause in-frame deletions

that perturb the autoinhibitory domain of the protein (Abate et al. 2017).

CD4/8

TCR complex

Figure 1.2 i Genes constituting T cell receptor activation pathway are recurrently altered in AITL.

Schematic of the T cell receptor (TCR) signaling cascade with a simplified representation of the downstream

signaling mediators. Briefly, TCR engagement leads to activation of LCK and FYN kinases which leads to
signaling enzymes VAV1 and phos pkbrofactipated EcelS fLAT). PLC2) docki ng
generates Inositol trisphosphate (IP3), which ultimately results in NFAT activation, and diacylglycerol (DAG).
DAGdependent protein ki nas est@thg phgha mentbrarte larel phogphogylates] oc at e
CARD11. The phosphorylated CARD11 recruits BCL10 and MALTL1 to oligomerize into CBM complex and

activate canonicalNF-e B i n a TRAFG6 -dependgnimanriemCDR28 cgstinsukatory molecule upon

activation recruits SH2-containing enzymes, including phosphoinositide 3 kinase (PI3K), and induces

enhanced signaling, most notably NF-8 B a ¢ Fdr maretdstailed description of TCR signaling cascade, see

page 27. Genes that are recurrently altered in AITL are indicated by red box.

Structural abnormalities identified in AITL involve CD28 and VAV1. Multiple studies have described
CD28 gene fusions, CTLA4-CD28 and ICOS-CD28, while their frequencies in AITL remain
uncertain (Gong et al. 2016, Rohr et al. 2016, Yoo et al. 2016a, Yoo et al. 2016b, Vallois et al.
2018). Physiologically, TCR stimulation markedly upregulates CTLA4 and ICOS and
downregulates CD28 (Chen and Flies 2013). As the promoters for CTLA4 and ICOS control the

expression of these CD28 chimeric genes, these fusion events may trigger sustained CD28-



costimulatory signaling (Kataoka et al. 2015). While more often found in PTCL, NOS and ALCL,
VAV1 fusion gene is also present in AITL and results in the deletion of the negative regulatory

domain of the protein and consequently increased signaling activity (Abate et al. 2017).

Anaplastic large cell lymphoma

ALCL is a general heading for four different entities that differ in clinical presentation and expression
of the ALK gene rearrangements: ALK-positive ALCL, ALK-negative ALCL, primary cutaneous
ALCL, and breast implant-associated ALCL (Table 1.1). This section will focus on the more
common ALK-positive and ALK-negative ALCLs.

The presence of ALK gene fusions define the ALK-positive ALCL, which account for about half of
all ALCLs. About 75-85% of ALK fusions found in ALCL join nucleophosmin (NPM1) and ALK. The
underlying chromosomal translocation of NPM1-ALK, t(2;5)(p23;q35), was the first recurrent
genetic abnormality described in PTCL (Rimokh et al. 1989). While ALK fusion partners encompass
more than 20 genes, all variants of ALK chimera demonstrate constitutive ALK tyrosine kinase
activity and subsequent downstream activation of oncogenic transcription factor STAT3 (Feldman
et al. 2013, Crescenzo et al. 2015, Hapgood and Savage 2015).

ALK-negative ALCL shares a common gene expression signature with ALK-positive ALCL that is
distinct from that of PTCL, NOS (Piva et al. 2010, Piccaluga et al. 2013, Igbal et al. 2014). A recent
study has uncovered multiple genomic mechanism in ALK-negative ALCL that can lead to
oncogenic STAT3 signaling: mutations in JAK1 and STAT3 as well as STAT3-activating gene
rearrangements that involve non-ALK tyrosine kinase genes, ROS1 and TYK2 (Crescenzo et al.
2015). These data suggest that ALCLs, regardless of the ALK status, may be driven by a common
oncogenic mechanism, particularly constitutive STAT3 activation.

Other aberrant molecular events identified in ALK-negative ALCL include genetic rearrangements
harboring non-tyrosine kinase genes DUSP22 and TP63 (Feldman et al. 2011, Vasmatzis et al.
2012), VAV1 gene fusions (Boddicker et al. 2016), and expression of oncogenic truncated

transcripts of ERBB4 (Scarfo et al. 2016).
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Extranodal NK/T cell lymphoma, nasal type

ENKTCL is a lymphoma that most often originates from natural killer (NK) cells, but in some cases,
from cytotoxic T cells. The most commonly occurring somatic mutations in ENKTCL involve JAK3
(35%) and RNA helicase gene DDX3X (20%) (Koo et al. 2012, Jiang et al. 2015). Studies have
also identified mutations in STAT5B and STAT3, supporting the role of JAK/STAT signaling in

ENKTCL (Kucuk et al. 2015).

Peripheral T Cell lymphoma, not otherwise specified

The molecular characteristics of PTCL, NOS vary widely and overlap significantly with other PTCL
subtypes. The most prominent of such is a sizable portion of PTCL, NOS cases that express some
TFH immunophenotype and share a gene expression signature (de Leval et al. 2007, Piccaluga et
al. 2007) and mutational profile with AITL. The recurrent genetic alterations identified in AITL are
also present in PTCL, NOS in varying frequencies: RHOA G17V (Palomero et al. 2014, Sakata-
Yanagimoto et al. 2014), TET2 and DNMT3A loss (Couronne et al. 2012, Palomero et al. 2014,
Sakata-Yanagimoto et al. 2014), somatic mutations in PLCG1 (Watatani et al. 2019) and FYN
(Palomero et al. 2014, Watatani et al. 2019), and mutations and fusions involving VAV1 (Boddicker
et al. 2016, Abate et al. 2017, Watatani et al. 2019). In particular, 20-30% of PTCL, NOS harbor
both RHOA G17V and TET2 loss (Palomero et al. 2014, Sakata-Yanagimoto et al. 2014, Watatani
et al. 2019), the cooperation of which is shown to induce AITL in mice (Cortes et al. 2018, Ng et al.
2018), and may represent AITL cases that the current diagnostic criteria are unable to capture.
Reflecting these observations, the most recent diagnostic standard places some cases previously
designated as PTCL, NOS under the new provisional categories of follicular T cell lymphoma
(FTCL) and nodal peripheral T cell ymphoma with TFH phenotype (Table 1.1).

FTCL is a rare subset of such cases that histologically demonstrate a follicular growth pattern.
Interestingly, about 20% of FTCL cases contain a recurrent t(5;9)(q33;922) translocation that
results in ITK-SYK fusion, an activator of constitutive TCR signaling (Streubel et al. 2006, Huang
et al. 2009, Dierks et al. 2010, Pechloff et al. 2010).

Ongoing efforts to further classify the remaining non-TFH PTCL, NOS have similarly examined

gene expression signatures and mutational profiles. Previous large-scale gene expression profiling
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studies have described two major subgroups of PTCL, NOS based on high expression of either
GATA3 or TBX21 (Igbal et al. 2014, Wang et al. 2014). A more recent study that comprehensively
examined genetic profiles in a large cohort of PTCL, NOS cases reported frequent loss of tumor
suppressors TP53 (28%) and CDKN2A (13%), which define a new proposed subset characterized

by marked genomic instability and poorer prognosis.
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Table 1.2 1 Common chromosomal and molecular abnormalities in

peripheral T cell lymphoma .

PTCL Gene Involved Pathway Alleles (Frequency)
TET2 Epigenetic regulation Loss of function (70%)
DNMT3A Epigenetic regulation Loss of function (10-40%)
IDH2 Epigenetic regulation R172 (20-45%)
TCR signaling, G17V (70%)
RHOA actin remodeling K18N (3%)
D124 (6%)
AITL cD28 TCR costimulatory T195 (%)
pathway CTLA4-CD28 (uncertain)
ICOS-CD28 (5%)
PLCG1 TCR signaling SNV (14%)
. . SNV, in-frame deletion,
VAV1 TCR signaling gene fusion (4%)
FYN TCR signaling SNV (3%)
Gene fusion (100%, by definition):
ALK+ ALCL ALK JAK/STAT NPM1-ALK (>80%)
TPM3-ALK (3%)
JAK1 JAK/STAT Activating mutations (15%)
STAT3 JAK/STAT Activating mutations (10%)
Tyrosine kinase . 0
ALK. ALCL (ROSL1, TYK2) JAK/STAT Gene fusion (22%)
VAV1 TCR signaling Gene fusion (16%)
DUSP22 Rearrangements (30%)
TP63 Gene fusions (8%)
TET2 Epigenetic regulation Loss of function (45%)
DNMT3A Epigenetic regulation Loss of function (30%)
RHOA TCR signaling, G17V (20-30%)
actin remodeling
FYN TCR signaling SNV (3%)
PTCL,
NOS . . SNV, in-frame deletion,
VAV1 TCR signaling gene fusion (11%)
. . ITK-SYK in 20% of FTCL
ITK TCR signaling ITK-EER rare
TP53 Tumor suppressor Loss of function (28%)
CDKN2A Tumor suppressor Loss of function (13%)

SNV, single nucleotide variant; TCR, T cell receptor.
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Treatment options and outcome

As in B cell ymphomas, CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone) and
CHOP-like combination chemotherapy programs are the standard first-line treatment regimen in
PTCLs (Figure 1.3). CHOP-based treatments have largely been unsuccessful in PTCL, possibly
because this conventional lymphoma therapy originates from clinical trials that included
predominantly B cell NHL, a biologically distinct but much more common disease. In non-ALCL
PTCLs, CHOP-based therapy achieves complete response (CR) rate of 50% and 5-year overall
survival of 37% (Abouyabis et al. 2011). Even in anaplastic large cell ymphomas, which may be
the only PTCL subgroup in which conventional CHOP-like regimens are effective, about 40% of
patients with ALK-positive disease and over 60% of patients with ALK-negative disease fail to
survive after 5 years (Savage et al. 2008). Some younger, healthier patients with chemo-sensitive
disease receive autologous stem cell transplantation (ASCT) in first remission (Figure 1. 3) and
report superior outcomes in some studies (Reimer et al. 2009, d’Amore et al. 2012). However, the
benefit may be due to patient selection, and most patients are ineligible due to refractory disease
or comorbidities.

Given the dismal prognosis under standard treatment options (Figure 1. 4), there is a pressing need
for new therapeutic strategies based on improved understanding of PTCL biology. Ongoing efforts
to address the prevalent refractoriness of the disease include incorporating novel agents into CHOP
regimen, developing a new doublet treatment platform by combining agents that have shown
efficacy in relapsed and refractory PTCL, and further discovering potential drug targets based on
identification of mutations and relevant pathways. As a result of these endeavors, the US Food and
Drug Administration (FDA) has approved four novel agents in patients with relapsed or refractory
PTCL since 2009 (Table 1.3). Encouragingly, a recent clinical trial integrating one of the novel
drugs that targets CD30 into the traditional regimen has made major advance in the frontline
therapy against CD30+ PTCLs (Horwitz et al. 2019). Considering that efforts to empirically modify
CHOP with more dose-intense combination chemotherapy have failed to improve outcomes

(Escalon et al. 2005, Simon et al. 2010), the success of this trial confirms the potential of the
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targeted, rationally designed therapy based on the tumor biology. The sections below briefly

discuss the recent and ongoing ventures to improve outcomes in PTCL.

[ Initial Presantation of Patient With PTCL J

—_— [ Clinical trial if possible J

[ MNodal entitias [ Extranodal entities ]
CD30- PTCL
' ' '
PTCL-NOS ALCL ALK+ BIAALCL
AITL
£D30- BTCL ALCL ALK~ ALCL ALK~
ALCL ALK+ DUSP22+
b l‘ A b l‘ A L ‘
~ N
CHOP 14 CHOEP
CHOP 21 CHOP S
CHOEP Stagary
A+CHP SR EPGeH — 5:23; ::;w
CHOP + IVE
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. l - . l -
_ .
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transplant ebgible
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Figure 1.3 7 Treatment algorithm for initial p resentation of peripheral T - cell lymphoma. AITL,
angioimmunoblastic T cell lymphoma; ALCL, anaplastic large cell lymphoma; ALK, anaplastic lymphoma
kinase; autoSCT, autologous stem cell transplant; BIA, breast implante-associated; CHOEP,
cyclophosphamide + doxorubicin + vincristine + etoposide + prednisone; CHOP, cyclophosphamide +
doxorubicin + vincristine + prednisone; IVE, ifosfamide + epirubicin + etoposide; CR, complete response; DA-
EPOCH, dose-adjusted etoposide + prednisone + vincristine + cyclophosphamide + doxorubicin; hyperCVAD,
cyclophosphamide + vincristine + doxorubicin + dexamethasone i alternating with methotrexate + cytarabine;
PTCL-NOS, peripheral T cell ymphoma, not otherwise specified; PR, partial response; RT, radiation therapy.
Adapted from (Zing et al. 2018) and updated to reflect changes in 2019.

Mo further treatment ]
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Figure 1.4 i Overall survival of patients with the common subtypes of peripheral T cell lymphoma.

Peripheral T cell lymphoma, not otherwise specified, 32%; Angioimmunoblastic T cell lymphoma, 32%; Adult
T cell leukemia/lymphoma, 14%; Anaplastic large cell ymphoma, ALK+, 70%; Anaplastic large cell lymphoma,
ALK-, 49%. Adapted from (Vose et al. 2008)

FDA-appr oved agents in relapsed and refractory peripheral T cell lymphomas

Starting with the antifolate pralatrexate approval in 2009, the FDA has approved four new agents
for relapsed and refractory PTCL based on the phase Il trials that showed statistically significant
efficacy (Table 1.3). In 2011, the FDA approved the histone deacetylase (HDAC) inhibitor
romidepsin for its efficacy shown in 130 patients whose disease had failed to respond to at least
one prior systemic therapy with PTCL (Coiffier et al. 2014). Treatment with romidesin achieved an
objective response rate of 25%, including 15% with CR, and the responses lasted a median of
greater than two years. Brentuximab vedotin, another novel agent approved for PTCL in 2011 by
the FDA, is a CD30-targeted immunoconjugate that demonstrated a high response rate of 85% in
a phase Il study of 58 patients with CD30+ ALCL who relapsed after prior therapy (Pro et al. 2012).
Brentuximab vedotin was approved for relapsed, refractory systemic ALCL, but not for patients with
other subtypes of PTCL. Most recently in 2014, FDA approved belinostat, a novel pan-HDAC
inhibitor based on a phase Il trial of 129 patients with relapsed and refractory PTCL that

demonstrated meaningful efficacy and a favorable toxicity profile (O'Connor et al. 2015).
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Table 1.3 i Novel agents approved for relapsed/refractory peripheral T cell lymphomas

Approved L . . Outcomes
Indicatio ns Mechanism of Action
Agent icatl ! ! (ORR, CR, DOR)

. S 26%, 11%, 13.6 mo
Belinostat PTCL HDAC inhibitor (O'Connor et al. 2015)
Brentuximab ALCL U-CD30 linked to auristatin 86%, 57%, 13.2 mo
vedotin (antitubulin agent) (Pro et al. 2012)

0, 0,
Pralatrexate PTCL DHFR/thymidylate synthase inhibitor 29%, 11%, 10.1 mo

(O'Connor et al. 2011)
25%, 15%, 28 mo
(Coiffier et al. 2014)
38%, 18%, 8.9 mo
(Piekarz et al. 2011)

PTCL, peripheral T cell ymphoma; ALCL, anaplastic large cell ymphoma; ORR, objective response rate; CR,
complete response; DOR, duration of response; mo, months.

Romidepsin PTCL HDAC inhibitor

Incorporating novel agents into the conventional CHOP regimen

Approval of these novel agents has led to attempts to improve upon the CHOP backbone of the
frontline PTCL therapy (Table 1.4). Several large randomized studies have been recently
completed, are ongoing, or have been planned. Most significantly, the recent announcement of
results from the phase Ill ECHELON-2 trial of A+CHP (brentuximab vedotin, cyclophosphamide,
doxorubicin, prednisone) versus conventional CHOP chemotherapy assessing 452 patients with
untreated CD30+ PTCL demonstrated A+ CHP 6 s a d weogrdssiog-fee survival (PFS) and
an overall survival (OS), resulting in a first-line FDA approval of this regimen (Horwitz et al. 2019).
The success of brentuximab vedotin in CD30+ PTCL shows the promise of properly targeted
therapies.

Other attempts to use novel agents in combination with CHOP have met with limited success.
Phase Il trials of chemotherapy combining CHOP with alemtuzumab, a humanized antibody
against mature lymphocyte marker CD52, failed to show significant difference in PFS and OS
compared to CHOP (Altmann et al. 2018). A phase Ib/ll trial combined romidepsin with CHOP (Ro-
CHOP) for frontline treatment of 37 patients with PTCLs and demonstrated a 30-month PFS of 41%
with OS 70.7%, albeit with more toxicity (Dupuis et al. 2015). Currently, a phase Il trial comparing
Ro-CHOP with CHOP alone has enrolled 421 patients with primary endpoint analysis due in 2019

(NCT01796002).
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Table 1.4 i Key ongoing and recently completed phase Ill trials

Clinical study Setting Therapies being studied Results
ACT-1 Newly No significant difference in
diagnosed, Alemtuzumab + CHOP vs CHOP PFS and OS. Increased
(NCT00646854) . I
frontline toxicity in Alemtuzumab.
Newly Median PFS: 48.2 mo in
(El\?gT%I_l?’;?iSZ) diagnosed, A+CHP vs CHOP A+CHP vs 20.8 mo in CHOP
frontline (Horwitz et al. 2019)
Newly . . .
Ro-CHOP . . Primary endpoint analysis due
(NCT01796002) dlagr!osed, Ro-CHOP vs CHOP in 2019
frontline
Azacitidine Relapsed Hypomethylating agent Azacitidine vs

/refractory  bendamustine vs romidepsin  vs Recruiting
(NCT03593018) AITL gemcitabine

Alisertib  not  statistically
significantly superior to the
comparator arm (O'Connor et
al. 2019b)

CHOP, cyclophosphamide + doxorubicin + vincristine + prednisone; PFS, progression-free survival; OS,
overall survival; A+CHP, brentuximab vedotin + cyclophosphamide + doxorubicin + prednisone; mo, months;
Ro-CHOP, romidepsin + CHOP.

Aurora A kinase inhibitor Alisertib vs
pralatrexate ~ vs  romidepsin  vs
gemcitabine

Lumiere Relapsed
(NCT01482962)  /refractory

Targeted therapy in peripheral T cell lymphomas

The identification and functional characterization of ALK gene fusions, the prevalent, subtype-
defining genetic marker of ALK-positive ALCL, has enabled a therapy based on an understood
mechanism and defined target. In non-small cell lung cancers, a small molecule tyrosine kinase
inhibitor crizotinib successfully targets tumors bearing ALK gene rearrangements (Shaw et al.
2013). A small study testing crizotinib in 11 patients with refractory ALK-positive lymphoma
demonstrated an objective response rate (ORR) of 91%, OS of 72.7%, and PFS of 63.7% at 2
years (Gambacorti Passerini et al. 2014). In addition, 3 patients experienced a CR for greater than
30 months under continuous crizotinib administration. Given the durable efficacy of the drug,
crizotinib is now offered in clinic to patients with ALK-positive ALCL that do not respond to standard
therapy or brentuximab vedotin (Figure 1.5).

The prevalent TET2 mutations in AITL and PTCL, NOS are another promising therapeutic target.
With the report of benefits of hypomethylating agents in TET2-mutated myeloid malignancies (Bejar
et al. 2014), recent and ongoing studies have examined the efficacy of those drugs in AITL. A
retrospective case series of 12 AITL patients treated with a hypomethylating agent azacytidine

reported a 75% ORR including 50% CRs (Lemonnier et al. 2018), prompting initiation of a phase
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Il trial comparing azacytidine with the i nvesti gat ords <choice of
gemcitabine (NCT03593018). In addition, an ongoing phase Ib/Il trial of romidepsin and azacytidine
combination (NCT01998035) recently reported an ORR of 73% in TCL with 55% CRs (Falchi et al.
2019, O'Connor et al. 2019a).

In addition, several early phase single-agent clinical trials have demonstrated clinical efficacy of
targeting the TCR signaling. A case series of 12 patients with AITL who were treated with
cyclosporin A, a calcineurin inhibitor that abrogates TCR signaling effector pathways such as
NFAT, demonstrated response in 8 patients including 3 with CR (Advani et al. 2007). In a phase |
study, a treatment with phosphoinositide 3 kinase (PI3K) inhibitor duvelisib in 16 patients with
refractory or relapsed PTCL achieved a 50% ORR including 3 CRs (Horwitz et al. 2018a). In
addition, an ongoing phase Ib/ll study combining either romidepsin or bortezomib with duvelisib
(NCT02783625) reported an encouraging ORR of 55% (12/22 patients) and CR rate of 27% (6/22)
in refractory or relapsed PTCL (Horwitz et al. 2018b). A planned phase Il study will test efficacy of
duvelisib in 120 patients with refractory or relapsed PTCL (NCT03372057).

Lastly, based on the preclinical activity of JAK/STAT inhibitors, two ongoing phase Il trials are
testing the oral JAK inhibitor ruxolitinib. One study in relapsed or refractory B cell NHL and PTCL
(NCTO01431209) has enrolled 71 patients, and the other study exclusively in relapsed or refractory
T cell lymphoma (NCT02974647) is enrolling a planned 52 patients.

Ongoing and recently completed single-agent clinical trials in PTCL are summarized in Table 1.5.
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[ Patient With Relapsed/Refractory PTCL J

— [ Clinical trial if possible j
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Figure 1.5 T Treatment algorithm for relapsed/refractory peripheral T - cell lymphoma. AITL,
angioimmunoblastic T cell lymphoma; ALCL, anaplastic large cell lymphoma; AlloSCT, allogenic stem cell
transplantation; autoSCT, autologous stem cell transplantation; BV, brentuximab vedotin; CR, complete
response; GVD, gemcitabine + vinorelbine + pegylated liposomal doxorubicin; HDACI, histone deacetylase
inhibitor; PTCL, peripheral T cell lymphoma. Adapted from (Zing et al. 2018).
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Table 1.5 1 Single -agent therapies under investigation for relapsed/refractory peripheral T cell
lymphomas
Single -Agent Mechanism of Action Phase Clinical Trial ID
Endostar Angiogenesis inhibitor Il NCT02520219
E7777 FE))ri(p))theti}'r:eria Toxin Fragment-Interleukin-2 Fusion I NCT02676778
Selinexor Selective inhibitor of nuclear export Il NCT02314247
Tipifarnib Farnesyltransferase inhibitor Il NCT02464228
Darinaparsin Organic arsenic compound Il NCT02653976
Ixazomib Proteasome inhibitor I NCT02158975
Forodesine PNP inhibitor I NCTO01776411
Ruxolitinib JAK inhibitor I NCT01431209
1] NCT02974647
Temsirolimus MTOR inhibitor I NCT01614197
Duvelisib PI3K inhibitor 1] NCT03372057
Carfilzomib Proteasome inhibitor I NCT01336920
Panobinostat Pan-deacetylase inhibitor Il NCT01261247
Clofarabine DNA synthesis inhibitor I NCT00644189
MK2006 AKT inhibitor I NCT01258998
Sorafenib Multikinase inhibitor I NCT00131937
Alefacept Immunosuppressive dimeric fusion protein I NCT00438802
Pembrolizumab PD-1 antibody 1] NCT02535247
Fenretinide Synthetic retinoid derivative Il NCT02495415
MEDI-570 Anti-ICOS monoclonal antibody I NCT02520791
EDO-S101 Alkylating HDAC inhibitor I NCT02576496
ALRN-6924 MDM2/MDMX antagonist I/1l NCT02264613
MLN9708 Proteasome inhibitor I NCT02158975
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I.LNF=eB signaling in | ymphoma

Overviewof NF-ae B si gnal ing pathway
Nuclear factor (NF)-e B i s a ifduibilé ttagscriptibn factors critical for a variety of cellular
responses. In the steady state, the members of the family form various homodimers and

heterodimers that are kept inactive in the cytoplasm by the C-terminal precursor domain or the

binding of inhibitory | & @oteins. Physiologic activatonof NF-e B occur s in response

of a wide range of surface receptors and via two common signaling pathways, namely the canonical

or the alternative pathway. Both pathways are based on inducible degradation of the C-terminal

precursor domai n or t he I-lonBse (KK tcamplexsmedidted | | o wi

t o

ng

phosphorylation.Sub s equent t o the r emevBaldimferlssB ttfhreomhdFt rhiep tNiFo n

factors translocate to the nucleus and bindtothe DNA o8B sites to induce

activat.i

Biochemical control of NF-e B vi a | aB, rat her t h g, rprovidesaanrapidr i pt i onal

molecular switch that enables instant launch of pre-formed transcription complexes in response to
urgent stimuli such as pathogens. In the developmental paradigm, the biochemical induction of
transcriptional program also resolves the infinite regression paradox of how expression of the first
tissue specific transcription factor occurs, if a tissue-specific transcription factor itself requires a
tissue-specific transcription factor (Zhang et al. 2017b).

Under physiologic conditions, NF-e B acti vation is a transient
plays a particularly crucial role in development, function, and survival of immune cells. Sections

below highlight key molecules and steps of the pathway.

ComponentsoftheNF -a B Sy st em
NF-a Bs a family of related proteins that, as a homo- and hetero-dimer, bind to the enhancers or
promoters of hundreds of genes via the 8B

C 0 n s e n s GSGRNWYYBCE-36(http://www.bu.edu/nf-kb/gene-resources/target-genes/) (Sen

and Baltimore 1986, Lenardo et al. 1987). The NF-a Bfamily consists of five proteins that share N-
terminal Rel homology domain (RHD) followed by nuclear localization sequence (NLS): p105

(precursor of p50), p100 (precursor of p52), Rel A (p65), Rel B, and c-Rel (Figure 1.6 ). Functions
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http://www.bu.edu/nf-kb/gene-resources/target-genes/

of RHD include sequence-specific DNA binding, dimerization, and inhibitory protein binding, all
three of which are essential for the proper regulation and operation of the pathway. To date, 13 of

the 15 potential NF-e B di mer s hav e . bhe eombindterial diversity eodthe dimers,

which results in molecules of different affinities to the var i ant s of tththe®B site
transcriptional factors, may contribute to the distinct but overlapping gene regulatory patterns
observed in NF-o B Smale 2012).
NF-kB / REL family
e 3 QB3
RelA — RHD TAD — 651aa
NLS
IkB family
84@ 368@ 573 o
RelB =—LZ f RHD } = TAD 95‘1’9aa 21 32
NLS 22 P) 36
A IxBaow —@F’—Q— AnkR [ PEST — 317aa
26?@ ® o gsggfp? ;2
557
c-Rel —{RHD| TAD — 619aa L] AnkR_[] PEST[— 356aa
NLS 6 18
P) 22
335® Multiple @ ggg IxBe @Q AnkR 361aa
p105 —RHD [F— AnkR '—EDDEQGQaa Multiple 394
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a0 BCL3 AnkR | 454aa
108
o 99 % 570 KBt AnkR 718aa
p100 =— RHD}=—— AnkR —DD_ 900aa
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IKK complex 1By —— ANkR — DD~ 539aa
(p105)
68 277
85 @255 @Paoa @399 kB8 —  AkR —DD—— 484aa
NEMO —{1 NGETI—{ NEGal— LZ Zn — 419aa (p100)
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@180 @741
IKKa — Kinase — |7 HLH |—— NBD 745aa
AT
@181 @740
IKKB — Kinase —— |2z HLH —— NBD 756aa
Figure 1.6 i Components of the NF -a B Sy sNMeenbersoftheNF-e B, | aB, and | KK proteins

number of amino acids in each human protein is indicated on the right. Post-translational modifications that
influence IKK activity or transcriptional activation are indicated with P and Ub for phosphorylation and
acetylation. RHD, Rel homology domain; TAD, transactivation domain; LZ, leucine zipper domain; HLH, helix-
loop-helix domain; Zn, zinc finger domain; CC1/2, coiled-coil domains; NBD, NEMO-binding domain; AnkR,
ankyrin repeats; DD, death domain; PEST, region rich in the amino acids proline, glutamic acid, serine, and
threonine. Adapted from (Zhang et al. 2017b).

The five NF-a B s u batersynthesized either as mature proteins with C-terminal transactivation
domains (TADs) in the case of Rel A, Rel B, and c-Rel or as precursors with C-terminal ankyrin

repeats (AnkR) that are post-translationally cleaved in the case of p105 (NFKB1) and pl100
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(NFKB2). AnkR is a hallmark domain of a dedicated set of inhibitory proteins and domains
comprising the #@l nhi Bdure 6.6) Thd memis of the faBilyi| 6 Bj | y aBbH,

l eBU,3 BClLaBz, | @ B-érdhina la npgo rtthieonCs of the precursor prot
pl00 (degquestenthe NF-a B p r arttleicytoplasm in the unstimulated steady state by

masking their NLS.

NF-oeB di mers are relieved KKpahosphorilaionimediateddedranatign f act or s
of the | aB proteins or by | i sérmiraldortona pl@doandpb s t hat el
to make p52 and p50 respectively. The proteolysis occurs constitutively in p105 but only after

phosphorylation events in p100 (Hayden and Ghosh 2008). The signaling events that lead to

removal of inhibitory factors can occur by the canonical pathway or the alternative pathway (Figure

1.7). The two pathways rely on a different set of IKKs, the kinasesthatph os phor yl ate | 8B pr ot

(Figure 1.6) . I'n the canonical pat hwa yclassical tkréefactorkkkb, and NE
complex, in which | KKb p b Omstelother hahdghe alternativie gathivay B pr ot ei n
utilizes a di merylaeplo0. RIKA)whiclis mamly compiered with RelB, blocks

NF-eB act vivat i maietylharl®iing the AnkR domain (Hacker and Karin 2006).
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a) Activation of the Canonical NF-kB Pathway b) Activation of the Alternative NF-xB Pathway
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Figure 1.7 7 Canonical and alternative pathway of NF -8 B aationi a, Activation of the canonical NF-a B

pathway. The stimuli that activate the canonical pathway include the antigen receptors TCR/BCR,

proinflammatory cytokines (IL-1, IL-17, and TNF-U) , a n d -assotidten maeacular patterns that bind to

TLRs (1) . |l @B proteins become phosphoryl ated at two serine r
subsequently polyubiquitinatedby K48- i nkage (2), which triggers proteasomal d
reveals NLS ofthe NF-ae B di mer s, wh i atehintotthe aucleus ana actsvateotarget genes (4). B,
Activation of the alternatve NF-e B pat hway. The members of TNF receptor s
l ymphotoxin b receptor, and the BAFF recept ouminatesi gger t
in the NIKmedi ated activation of | KKU di mer (B), whi ch <can
proteasomal partial proteolysis of p100 to remove the inhibitory ankyrin repeats and to generate p52 (D). The

p52 protein preferentially dimerizes with RelB to translocate into the nucleus I. Adapted from (Jost and Ruland

2007).
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The canonical pathway

In the canonical NF-a B p a t disavlengwn as the classical pathway, various signaling cascades

that involve different adaptor molecules ultimately converge on the classical IKK complex, a

cytosolic IKK holoenzyme containing a non-catalytic regulatory subuni t NEMOB( @BBEent i al

modi fier, o0 also called | KK2) a n dThe uwpstreat isignalisge s ubuni t
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apparatuses transmit the stimuli to the IKK complex by oligomerizing into a polyubiquitinated

signalosome, to which NEMO anchors the two kinase subunits by interacting with the ubiquitin

chains. Following the activation of the IKK complex, the catalytic | K Ks@bunit phosphorylates | @ B U

on Ser 32 and Ser 36, or TidBbploms Skeror yPatbed ISeB 2Bot e
proteasomal degradation triggered bythe SCF b1 Tr CP E3 u brmiedjated, iK48dinkddi g a s e
polyubiquitination and release the canonicalNF-a B t ranscri pti on thepdpés , most f ¢
heterodimer (Hayden and Ghosh 2012) (Figure 1.7 a).

One of the most notable examples of the canonical NF-a B a ¢ t i vnéigen recaptor sggnakng

in T cells triggered by the ligation of the TCR and the costimulatory molecule CD28. Following the

receptor engagement, FYN and LCK kinases phosphorylate immunoreceptor tyrosine-based

activation motif ITAM)on CD3 g, which recr ui kirese.aZARVO moenbtésv at es ZAP
signal diversification by phosphorylating Linker for activation of T cells (LAT), a signaling hub that

forms numerous interactions with other sPlg9Qaling mol
Activated PL @lasmamethbrane phasphslipid phosphatidylinositol 4,5-bisphosphate

(PIP2) into two second messengers, diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). In

parallel, CD28 ligation results in phosphorylation of PIP2 by PI3K into phosphatidylinositol 3,4,5-

trisphosphate (PIP3), which recruits PDK1 to become auto-phosphorylated. PK Cd, whi ch binds t
both DAG and phosphorylated PDK1, then translocates to the plasma membrane and

phosphorylates CARD11. Phosphorylated CARD11 undergoes a structural change that allows the

formation of the CARD11-BCL10-MALT1 (CBM) signaling complex, a shared intermediary of TCR

and BCR signaling pathway that leadsto NF-e B a ¢ t (SmithiGardgmet al. 2009) (Figure 1.2).

The assembled CBM complex serves as a central scaffold that recruits ubiquitination and

phosphorylation mediators in close proximity to generate signaling events. In conjunction with the

E2 ubiquitin-conjugating enzymes ubiquitin-conjugating enzyme 13 (UBC13) and ubiquitin-

conjugating enzyme variant 1A (UEV1A), the E3 ubiquitin ligasesitumor necrosis factor (TNF)
receptor-associated factor 2 (TRAF2) and TRAF6, cellular inhibitor of apoptosis protein 1 (clAP1)

and clAP2, and the linear ubiquitin chain assembly complex (LUBAC)i catalyze K63-linked and M1-

linked ubiquitination of multiple proteins, including BCL10 and MALT1 themselves. Several of these
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E3 ligases may have at least partially redundant functions or operate only in specific settings, as

some studies found TRAF6 and LUBAC to be dispensable under certain conditions. The
ubiquitination events enabl e t heassepdiagdkimdsé INTAKP! at f or m t
complex, which includes ubiquitin-binding proteins TAK1-binding protein 2 (TAB2) and TAB3, and

the classical IKK complex, a regulatory subunit NEMO of which associates with ubiquitin and

becomes further ubiquitinated by TRAF6 and LUBAC. The recruited IKK complex becomes

activated via TAK1-mediated and trans-auto-phosphorylation and subsequently c at al yzes | aBU
phosphorylation, which triggers K48-linked polyubiquitination followed by proteasomal degradation.

Relieved from the inhibitory protein, NF-a Branscription factors then accumulate in the nucleus and

activate target genes (Lork et al. 2019, Ruland and Hartjes 2019).

Newly expressed genes in response to NF-ae B acti vation promote | ymphocyte
specific immune functions such as generation of cytokines in T cells. Aberrant activation of NF-a B

can foster immunodeficiency, autoimmune diseases, or lymphoid malignancies. Therefore, to

tightly modulate the signaling, several deubiquitinases negatively regulate the pathway by

removing ubiquitin chains from the signaling platform. TNF-U i n d uroteirb3 (ENFAIP3, also

known as A20) and CYLD (cylindromatosis) eliminate the K63-linked ubiquitin chains, and more

recently described OTULIN cleaves the M1-linked linear ubiquitin chains. NF-e B acti vati on
transcriptionally targets some of these deubiquiti nases, as well as the | aB prote
a negative feedback loop (Sun 2008, Keusekotten et al. 2013).

In addition to the antigen receptor in lymphocytes, the surface receptors that activate the canonical

NF-eB pat hway -ika ceteptat €TLR), @ytokine receptors, and tumor necrosis factor

receptor (TNFR).

The alternative pathway

In the alternative pathway, or the non-canonical pathway, a di mer of [ddégtédatioc ont r ol s t
of the inhibitory peptide maskingthe NF-ae B t r anscr,i pitn dempdmdcamtr of | KKb, | K
classical IKK complex. The most well-described NF-e B di mer of the alternative |
RelB, which in resting state exists in the precursor form p100-Re | B . | K Kobylatpshpb06 gnh

serines 866 and 870 and induces proteasomal processing to p52, following selective proteolysis of
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the C-terminal AnkR-containing precursori nhi bi t ory domai n, .%Shemaue mes cal |
p52-RelB dimer then localizes to the nucleus and activatesthe NF-e B transcri ptional pr
(Hayden and Ghosh 2008) (Figure 1.7 b).

Activation of | KKU depends on t heeBnducing kimasegNIK).of i ts ac
Constitutively active, NIK is negatively regulated by TRAF3-mediated polyubiquitination that

induces proteasomal degradation. The alternative pathway inducers, via various mechanisms,

removes TRAF3 and thereby stabil i ¥Whesashlenopical it can pl
pathway generates rapid and transient response through oligomerization process, the alternative

pathway operates under the control of protein destruction and re-synthesis and therefore in a

slower and more sustained kinetics (Hayden and Ghosh 2008).

The receptors that activate the alternative pathway, such as Limphotoxin b rece
Receptoracti vat or of n RANK) eBacell-attigating tactor red@pto( (BAFFR), and

CD40, mostly belong to the TNFR superfamily. Upon ligation of the receptor, CD40, for example,

recruits TRAF2, which targets TRAF3 to proteasomes or complexes with it to displace NIK by

allosteric competition (Hayden and Ghosh 2012). These receptors all share the common
downstreamNF-a B di m&re | B5dut engender distinct transcriptio
the devel opment of peripheral Il ymph nodes and Peyer 0:¢
and dendritic cell functions, BAFF drives peripheral B cell differentiation and survival, and CD40

controls B cell activation, maturation, germinal center formation, somatic mutation, and class

switching. How a single dimer can produce such diverse outcomes is unknown (Zhang et al.

2017b).
Physiologicrole of NF -a B si gnaling in normal | ymphoid tissue
Studies have unequivocally demonstrated the pivotal physiologic role of NF-e B i n t he i mmune

system. Mouse knockouts and human genetic disorders of the key NF-a B components
predominantly result in immunological defects (Gerondakis et al. 2006, Steiner et al. 2018),
inducers of NFFe B activation are frequently dHaydenkanch e s, ant i

Ghosh 2012), and the transcriptional targets of the pathway include hundreds of immunity-related

genes (http://www.bu.edu/nf-kb/gene-resources/targetgenes/).
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Congruently, NF-a Bplays an essential role in every facet of lymphocyte biology, including but not
limited to development, activation, proliferation, and survival (Vallabhapurapu and Karin 2009,
Gerondakis et al. 2014). TheNF-e B t ar get genes relevant for
cell-cycle regulators, antiapoptotic factors, and receptor ligands such as cytokines and
chemokines. The cell-cycle regulators such as cyclin D1, cyclin D2, c-myc, and c-myb drive
lymphocyte division (Duyao et al. 1992, Toth et al. 1995, Hinz et al. 1999, Romashkova and
Makarov 1999) with the help of proliferation and survival signals provided by cytokine targets
including IL-2, IL-6, and CD40L in both autocrine and paracrine fashion.NF-ae B al s o di r
survival via expression of caspase inhibitors of the clAP family, the BCL2 family members Al and
BCL-XL, and cellular FLICE inhibitor protein (c-FLIP) (Thome and Tschopp 2001, Karin and Lin
2002).

The diverse expression patterns of these target genes result in a variety of functional outcomes in
different stages of lymphocytes. In T cells, constitutive NF-a B a c torn surviialyoccurs at all
stages of thymocyte differentiation and particularly in the double negative phase during the pre-
TCR assembly (Gerondakis et al. 2014). NF-a B al s o p a T tell prolifgrationeursd survival
following TCR activation via myc-induced growth, IL-2 signaling, and death receptor pathways
(Kontgen et al. 1995, Grumont et al. 2004, Jones et al. 2005) and contributes to the development
and functional divergence of different helper T cell subsets (Oh and Ghosh 2013). B cell maturation
requires both canonical and non-canonical NF-a B p a t fioma&arigstages of development. NF-
9B act i vatdthetrangtionofnono large to small pre-B cells (Jimi et al. 2005), controls the
pr oduct-chaimB celfs (Derudder et al. 2009), triggers anti-apoptotic signals in response to
BCR cross-linking and BAFFR signaling (Castro et al. 2009), and enables antibody production and

class-switching of mature B cells (Manis et al. 2002).

Pathogenic activatonof NF -e B i n | ymphoi d neopl asms
AsNF-aeB promotes | ymphocyt e fsraberranfoacogenic actimatioa hag
been described in various B and T cell lymphoid malignancies. Sections below discuss a few of the

prominent examples.
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Diffuse large B cell lymphoma

Diffuse large B cell lymphoma represents the most prevalent type of NHL, comprising about 40%

of the cases, and consist of three discrete subtypes: germinal center B cell-like (GCB) DLBCL,
activated B cell-like (ABC) DLBCL, and primary mediastinal B cell ymphoma (PMBL), which arise

from different stages of normal B cell differentiation and utilize distinct oncogenic pathways (Staudt

and Dave 2005).

Constitutive activation of the NF-e B p a t it avhalimark of ABC DLBCL. Gene expression
profiling studies revealed enrichmentof NF-e B t ar get g e n e sumorbiopgyBanpl&sL B CL
and cell line models (Davis et al. 2001), and genomic profiling identified genetic aberrations
activating NF-e B i n  madwo ¢hirds ¢f thea patients (Ngo et al. 2011, Pasqualucci et al. 2011).
Consistently, NF-a B hibition using anon-degr adabl e form of l aBU or a s ma
inhibitor resulted in apoptosis in ABC DLBCL cell lines (Davis et al. 2001, Lam et al. 2005).

NF-a Brelated genes aberrations detected in ABC DLBCL include activating mutations in the
regulators of the BCR i CARD11 (9%) (Lenz et al. 2008) and CD79 (21%) (Davis et al. 2010) i

and TLR 7 MYD88 (30%) (Ngo et al. 2011) i as well as inactivating mutations in the negatively
regulating deubiquitinase TNFAIP3 (30%) (Compagno et al. 2009, Kato et al. 2009). Recently, a

report of oncogenic BCR signaling supercomplex (MyD88-TLR9-BCR) described a NF-a B
activating multiprotein signalosome in ABC DLBCL that clusters BCR, CD79a/b, MyD88, and
downstream signaling effectors such as IKKs on the endolysosome membrane to facilitate
synergistic signaling and crosstalk (Phelan et al. 2018). The clinical success of ibrutinib, a Bruton&
tyrosine kinase (BTK) inhibitor that blocks BCR signaling, evidences the oncogenic mechanism of
chronic BCR activation in these tumors (Wilson et al. 2015).

NF-eB signaling in ABC DLBCL r e(samlettals 20050 whichhdeivee x pr es si o
plasmacytic differentiation in both normal lymphocytes and in malignant cells (Klein et al. 20086,
Sciammas et al. 2006, Shaffer et al. 2008). Interestingly, the tumor cells escape the cell cycle arrest

typical in normal plasma cells by halting the differentiation at the plasmablastic stage (Calado et al.

2010), thanks to the frequent genetic lesions that inactivate Blimp-1, another plasma cell
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differentiation factor that cooperates with IRF4 in normal B cells (Tam et al. 2006, Schmidlin et al.

2008, Mandelbaum et al. 2010).

Additionally, high expression of IL-6 in responsetoNF-e B si gnaling in ABG DLBCL ge
autocrine signaling loop via activation of JAK-STAT pathway. IL-6 binds to its own receptors and

triggers JAK-STAT activation and STAT3 phosphorylation, causing interaction between

31hosphor-STAT3 and NF-a B h et e r to énhaneertransactivation of NF-e B t ar get genes
(Yang et al. 2007, Lam et al. 2008).

In contrast, GCB DLBCL demonstrate little NF-e B a ¢ t {Cemapagnamet al. 2009), and PMBL,

while the details are still unclear, showNF-a B acti vity si mil a¢Roserwaldebdgki n | yr

al. 2003, Savage et al. 2003, Schmitz et al. 2009).

Hodgkin lymphoma

The defining feature of Hodgkin lymphoma is the presence of malignant Hodgkin and

Reed/Sternberg (HRS) cells surrounded by a sea of inflammatory cells from a variety of

hematopoietic lineages. In approximately a half of Hodgkin lymphoma cases, the HRS cells harbor

EBV, which encodesapotentNF-a B acti vator | atent meonktitutvedF- pr ot ei n 1
aB activity i s othdraibof pBV-eegaivetHodgkm lymgh@ma, evidenced by high

levels of nuclear p50-p65 heterodimers (Bargou et al. 1996) and | a BU s u pieduced e pr essor
toxicity (Bargou et al. 1997). Mutational profiling of Hodgkin lymphoma later revealed inactivating

mutations in negative regulators of the canonicalNF-se B pat hway, iemcodingNFKBiAg | a BU

(20%) (Cabannes et al. 1999, Emmerich et al. 1999, Jungnickel et al. 2000, Lake et al. 2009), 1-a B U

encoding NFKBIE (Emmerich et al. 2003), and TNFAIP3 (44%) (Schmitz et al. 2009). In addition,

some reports have documented evidence in support of a role for the inflammatory milieu

surrounding the malignant cells in contributingtothe NF-e B acti vati on in the mali g
paracrine signaling (Schwab et al. 1982, Gruss et al. 1994, Carbone et al. 1995, Pinto et al. 1996,

Molin et al. 2002).
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MALT lymphoma

Mucosa-associated lymphoid tissue (MALT) lymphoma, a form of marginal zone lymphoma, occurs

most commonly in the stomach but also in a variety of anatomical sites near mucosal surfaces.

MALT lymphoma frequently arises in the setting of extrinsic BCR activation attributable to

autoimmune reactions induced by infectious agents such as Helicobacter pylori, Chlamydia psittaci,
Campylobacter jejuni, Borellia burgdorferi, and hepatitis C virus (Ferreri and Zucca 2007).

Remarkably, eradication of H. pylori by antibiotic treatment causes sustained complete remissions

in many low-grade gastric MALT lymphoma patients (Wotherspoon et al. 1993).

However, a substantial portion of cases fail to regress after eradication of the underlying extrinsic

cause, suggesting an acquisition of antigen independent growth. Several chromosomal

translocations that trigger intrinsic oncogenic NF-e B acti vity have been descri
lymphoma. About 25% of gastric MALT lymphoma and 40% of lung MALT lymphoma contain a

t(11:18) translocation that results in a fusion protein clAP2-MALT1 (Akagi et al. 1999, Dierlamm et

al. 1999, Morgan et al. 1999, Streubel et al. 2004). Less commonly, a t(14;18) translocation (7% in

ocular adnexa and 6% in lung) and a t(1;14) translocation (9% in lung and 4% in stomach) induce
overexpression of MALT1 and BCL10 protein respectively by juxtaposing the genes encoding them

with the immunoglobulin heavy chain (IgH) locus (Willis et al. 1999, Zhang et al. 1999, Sanchez-

Izquierdo et al. 2003). Splenic hyperplasia and increased and constitutive NF-e B acti vity i n mi
harboring these genetic rearrangements (Baens et al. 2006, Li et al. 2009) coincide with the

essential roles of MALT1 and BCL10 in BCR-triggered NF-8 B a ¢ t {Ruland andHartjes 2019).

The clAP2-MALT1 fusion protein aberrantly activates both the canonical pathway and the

alternative pathway. Mechanistically, it constitutively activates canonical NF-e B pat hway vi a
heterotypic interaction between the BIR1 domain of the clAP2 and the C-terminal region of MALT1

that results in auto-oligomerization (Zhou et al. 2005, Lucas et al. 2007). Reminiscent of the NF-

8 Bactivating artificial MALT1 dimers (Lucas et al. 2001, Sun et al. 2004, Zhou et al. 2004), the

oligomerized fusion proteins may serve as a multivalent platform for the recruitment of the ubiquitin

ligases like TRAF6 (Zhou et al. 2005, Noels et al. 2007) and ubiquitin-binding signaling factors such

as IKK complex (Gyrd-Hansen et al. 2008), ultimately facilitating the NF-a B s i g maddition,g .
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clAP2-MALT1 oligomerization can activate the paracaspase functionoft he f usi oMALTLr ot ei nd s

moiety, cleaving TNFAIP3 and CYLD and eliminating the negative regulators of the pathway
(Coornaert et al. 2008, Staal et al. 2011). A positive feedback loop may exist between clAP2-
MALT1and NF-e B acti vati on, as t he expundes the aomirol of the
clAP2 promoter, an NF-a Bt gHogpkatva et al. 2005).

The alternative pathway activation by clAP2-MALT1 fusion arise from its interaction with NIK. The
clAP2 moiety recruits NIK and places it in close proximity of MALT1 protease domain, which
cleaves NIK at Arg 325. The resulting C-terminal NIK fragment resists TRAF3-dependent
proteasomal degradation but maintains the kinase activity to constitutively activate the signaling

(Rosebeck et al. 2011).

Multiple myeloma
Multiple Myeloma (MM) is an aggressive malignancy derived from plasmacytic cells dwelling in the
bone marrow and represents the second most prevalent hematological malignancy. Gene

expression profiling studies from as early as 2007 have demonstrated the role of deregulated NF-

he

fusi

C

aB activity in MM. A distinct -spBateéemmitc hcnieunstt err e scphoanrc

substantially better to bortezomib, a proteasome

to other patient groups (Chng et al. 2007). Later studies revealed molecularly heterogeneous
mechanisms of NF-a Bactivation in MM.

Reports of NF-a Bactivating mutations in MM emerged as early as in 2007, mapping close to 20%
of genetic mutations onto various regulators and effectors of NF-a B s i g (Amnlnkziataget al.
2007, Keats et al. 2007). Subsequent sequencing studies substantiated the prevalence of NF-a B
activating mutations in a diverse set of genes, ranging from those in the canonical pathway such
as TLR4, IKBKB ( e nc odi n ARDK K®Y)LD, and TNFAIP3, to those in the alternative
pathway including MAP3K14 (encoding NIK) and TRAF3 (Chapman et al. 2011, Lohr et al. 2014,
Troppan et al. 2015, Walker et al. 2015). Signals from the tumor microenvironment, including
physical cell-cell communications and autocrine and paracrine soluble factors like IL-1 b , -6, &nd
TNF-U, augments the NF-a B s i gin laoth iuma and non-tumor cells (Hideshima et al. 2007,

Fairfield et al. 2016). Importantly, the therapeutic efficacy of immunomodulatory drugs such as
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thalidomide and lenalidomide in MM has been at least in part attributed to their ability to inhibit the

aforementioned pro-inflammatory cytokines (Quach et al. 2010). Additional NF-a Bactivating tumor

microenvironment factors documented in MM pathogenesis include BAFF (Moreaux et al. 2004,

Hengeveld and Kersten 2015), and a proliferation-inducing ligand (APRIL) (Tai et al. 2016), RANK

ligand (RANKL) (Schmiedel et al. 2013).

Many have explored the tumor growth and drug resistance effects of NF-e B acti vation in M
mediated by both the direct anti-apoptotic targets and the indirect signal inducer targets that further

perpetuates the pro-survival signaling (Hideshima et al. 2007, Fairfield et al. 2016, Touzeau et al.

2018). Consistently, therapeutic interventi on f or MM i nvol ves proteasome i nh
degradation and ultimately NF-e B si gnal ing and i mmunomodulFaBory drug:

autocrine and paracrine loops by acting on pro-inflammatory cytokines (Chim et al. 2018).

Peripheral T cell lymphoma

TheNF-a B signaling in PTCL may be best-lyoghamaédl),eri zed i n
a lymphoma caused by human T cell leukemia virus type 1 (HTLV-1) infection that occurs more

frequently in HTLV-1i endemic areas such as southwestern Japan, the Caribbean Islands, Central

and South America, intertropical Africa, and the Middle East (lwanaga et al. 2012, Ishitsuka and

Tamura 2014). Constitutive NF-a B a don in &ATd {Mori et al. 1999) stems from various molecular

mechanisms. In vitro and in vivo studies have demonstrated that the HTLV-1 Tax 34hosphor-

oncoprotein drives tumor development via NF-a B a c t i(Zhaad et al.n2017a). Cell intrinsic
mechanismsofNF-e B acti vation include NI K @Vvsdencing(Baitthssi on med
et al. 2008, Yamagishi et al. 2012) and mutations in genes involved in the lymphocyte antigen

receptor-NF-a B asuch as PLCG1 (36%), PRKCB( 3 3 %; e n c o d iBeej cobnke@drt,of a

P K C dOARD11 (24%) and VAV1 (18%) (Kataoka et al. 2015).

Other subtypes of PTCL have also shown evidence of NF-a B a c t ilnitial gane axpression

profiling and immunohistochemical (IHC) studies done in small scale or in cell line model to assess

NF-eB activation st aeparted mixed reBuisC(Martihea-Dedgado et al. 2004,

Martinez-Delgado et al. 2005, Ballester et al. 2006, Piccaluga et al. 2007, Odqvist et al. 2013), but

the more recent genetic, biochemical, and animal model studies demonstrate a more coherent
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relationship between NF-ae B acti vity and PTCL pat haodgPeCLeNOS.s, especi

A large-scale gene expression profiling study examining 144 lymphomas with broad representation

of PTCL subtypes successfully delineated the biological subgroups, re-classified many PTCL, NOS

cases based on the clustering, and reported a shared common signature of NF-a Benrichment in

the AITL and PTCL, NOS cases that belong to the AITL subgroup (Igbal et al. 2010). In addition,

genomic sequencing studies,as di scussed in the previous sections o
Mol ecul ar Landscape of PTCLO), have revealed diverse

to aberrant TCR and co-stimulatory signaling and in particular downstream NF-e B ef f ect or pat hwa
in PTCL (Figure 1.2 and Table 1.2). Moreover, activated TCRorNF-e B si gnal ing is descr |
all existing genetically manipulated murine models of AITL and PTCL, NOS (Pechloff et al. 2010,

Wang et al. 2011, Beachy et al. 2012, Cortes et al. 2018, Mondragon et al. 2019, Kim and Cortés

unpublished). In particular, PTCL developmentin T cell-conditional Nfkbia knockout mouse, whose

|l ack of 1 8aBU resul tesB isni gtnhael ticabyrlastritasbia anpaaity oNNF-

aB activit yTcello(Mendragonsetfab 2019). Despite these recent advances, however,

the genetic and biochemical mechanism by which NF-a B abesrantly activated as well as the

oncogenicity of the NF-a Bactivating genetic lesions in human PTCL remain unclear.

Therapeutic targeting of NF -8 B

The crucial role of aberrant NF-a Bactivation in the pathogenesis of lymphoid malignancies

presents a compelling rationale in support of therapeutic targeting of NF-e B i n these disease
Small molecule inhibitor that modulates NF-e B acti vity have achieved some s
including BTK inhibitor ibrutinib in ABC DLBCL (Wilson et al. 2015) and proteasome inhibitors

bortezomib (Richardson et al. 2006), carfilzomib (Groen et al. 2019), and ixazomib (Richardson et

al. 2018) in MM. Ibrutinib blocks BCR signaling and consequently BCR-mediated NF-e B act i vati on
(Young et al. 2015). Proteasome inhibitors prevent degradation of the canonical NF-e B i nhi bi t or

|l @aBU among ma n y(ManashnehrandOrlawske201i)sThese pharmacologic inhibitors,

however, do not selectively target the core components of the pathway and thus limited in their

use.
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Many have aggressively pursued IKK inhibition as one of the key druggable points in the NF-a B
pathway (Karin et al. 2004). However, multiple drugs that appeared to have succeeded in preclinical
models have failed in clinical trials due to either safety concerns or lack of efficacy resulting from
dose-limiting toxicity of the globalNF-ae B b | oc k ade

(Prescott and Cook 2018).

Some of the more promising NF-e B dr u g curently atdevelopment include other
components of the IKK complex] KKU or NEMO, | aBlF-®B gs a bBeyailibts

al. 2017, Bennett et al. 2018).
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lll. Fyn Src family kinase

Src family kinases (SFKs) are a group of non-receptor tyrosine kinases that include Src, Yes, Fyn,
Fgr, Lck, Hek, BIk, Lyn, and Frk. In the 1970s, Mike Bishop and Harold Varmus isolated the gene
encoding the first member of the family to be identified, SRC, and described its role in cancer
development, defining what we now know as proto-oncogenes (Martin 2001). Multiple studies
subsequently implicated SFKs in the development and maintenance of several cancers, including
hematological malignancies (Zhang and Yu 2012, Ku et al. 2015).

Among the nine Src family members, T cells throughout their lifespan primarily express Lck and
Fyn. The two kinases serve specific and overlapping functional roles in T cell development and
activation. This section will briefly discuss the structure and function of the Fyn kinase in the context

of T cells.

Domain s tructure of Fyn kinase

Structural domains of Fyn are typical of SFKs: N-terminal Src-homology 4 (SH4) domain that
contains attachment sites for saturated fatty acid addition, a funiqued domain particular to each
member of the family, an SH3 and SH2 domain protein interaction domains, a tyrosine kinase
domain SH1, and a C-terminal negative regulatory domain (Figure 1.8 a). Post-translationally, the
myristoylation of glycine 2 and the palmitoylation of cysteines 3 and 6 following the removal of the
start methionine in SH4 domain anchor the kinase to the plasma membrane (Rawat and Nagaraj
2010). Some studies in T cells have also indicated that Fyn interacts with the CD3 chain of the TCR
complex, and in particular with ITAMs, via the SH4 domain (Timson Gauen et al. 1992, Timson
Gauen et al. 1996, zur Hausen et al. 1997). The unique domain is the most divergent among the
SFKs and likely to contribute substantially to the functional specificity of Lck and Fyn in T cells. The
better characterized Lck unique domain, for example, contains a di-cysteine motif that mediates
thekinasse 6s associ ati on wi tréceptofs éTur@bDet al. 499Q Kire & 8&l. 2608).
The SH3 and SH2 domains facilitate intra- and inter-molecular protein interactions and may confer
adapter functions to the kinase in addition to its role as a tyrosine kinase (Zamoyska et al. 2003).

Notably, even the SH1 kinase domain of Lck, the region that shows the most sequence homology

37



with Fyn (Figure 1.8 a), does not fully share its function with the Fyn kinase domain (Lin et al. 2000).
Not surprisingly given such difference, Fyn and Lck have overlapping but different sets of

interacting partners (Table 1.6).

Y%Qx‘-l Y:':'}DS
a Lok (SO S [ S ST Fiese o |
Homaology 0% 71% 75% 51%
[dentity 51%  58% 67 %
Fyn (sHeuniaue [SH3[ [ sr2 [ Skt Kinase Domain |
vd17  vE2
b m o-.i-tttat-tto'tloocoo.olnoooocoolollloloroc-llliullllc i O.oolooomnolo! ﬁﬁﬁﬁmﬁm
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“ <~ hindingto | -
intramoleculer = u oL targgts - protein
binding —__ | f ﬁ | o
ool L f SH2) —— .

Dephosphorylation  phosphorylation

.
- 4 phosphorylation of targets

b
e

inactive active
(closed conformation) {open conformation)

Figure 1.8 7 Fyn and Lck, Src family kinases . A, Domain structure of of Fyn (bottom) and Lck (top) kinases.
Sequence homology and identity between the two related kinases are also indicated. b, Self-inhibitory
mechanism of the Src family kinases. In the inactive or basal state, the kinase is in a closed conformation due
to intramolecular binding of the SH2 domain with the phosphorylated tyrosine residue of the C-terminal
regulatory region. Additionally, the SH3 domain interacts with a polyproline type Il linker helix between the
SH2 and SH1 domains to further lock the inactive conformation. Upon dephosphorylation of the C-terminal
tyrosine or binding of external ligands to SH2 or SH3 domains, the conformation changes to an open form that
is regarded as the active state. Intermolecular autophosphorylation of tyrosine in the SH1 kinase domain
stabilizes the active state. Adapted from (Zamoyska et al. 2003) and (Kramer-Albers and White 2011).
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Table 1.6 7 Selected | ist of published Fyn and Lck interacting partners . Adapted from (Zamoyska et al.

2003).

Protein Binds to Published in

CD3 Fyn (Samelson et al. 1990, Timson Gauen et al. 1992, Osman et al. 1996, Timson

Gauen et al. 1996)

Pyk2 Fyn (Qian et al. 1997)

SAP/SLAM  Fyn (Marie-Cardine et al. 1998)

Shc Fyn (Wary et al. 1998)

Gab-2 Fyn (Parravicini et al. 2002)

WASp Fyn (Badour et al. 2004)

Zap-70 Fyn, Lck (Duplay et al. 1994, Fusaki et al. 1996)

PI3K Fyn, Lck (Thompson et al. 1992, Susa et al. 1996)
c-Chl Fyn, Lck (Tsygankov et al. 1996, Hawash et al. 2002)
Sam68 Fyn, Lck (Fusaki et al. 1997)

CD2 Fyn, Lck (Beyers et al. 1992)

IL-2R Fyn, Lck (Hatakeyama et al. 1991, Kobayashi et al. 1993)
Fas Fyn, Lck (Atkinson et al. 1996, Schlottmann et al. 1996)
CD4/8 Lck (Turner et al. 1990, Kim et al. 2003)

CD45 Lck (Schraven et al. 1991, Ng et al. 1996)

MAPK Lck (August and Dupont 1996)

RasGAP Lck (Amrein et al. 1992)

Raf-1 Lck (Pathan et al. 1996)

Lad Lck (Choi et al. 1999)

Regulation of Fyn activation

As in other SFKs, autoinhibitory mechanism regulates the activity of the Fyn kinase. In the inactive

state, the phosphorylated Tyr 528 at the C-terminus negative regulatory region forms an

intramolecular bond with the SH2 domain of the kinase, keeping the kinase in an inactive closed

conformation. In addition to the Tyr 528 phosphorylation, mediated by C-terminal Src kinase (Csk),

the SH3 domain of Fyn interacts with the polyproline type Il linker helix between the SH2 and SH1

domains to further lock the inactive conformation. Upon dephosphorylation of Tyr 528 by

phosphatase CD45, the C-terminal of the kinase releases the SH2 domain to unmask the catalytic

region of the protein and activate the kinase. Additionally, the kinase trans-phosphorylate each

other at Tyr 417 to stabilize the active state (Figure 1.8b ) (Salmond et al. 2009).
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The role of Fyn in T cell developmen t and function

Mechanistically, Fyn along with Lck plays a crucial role in initiating the TCR signaling by
phosphorylating and activating the cytoplasmic tail of the CD3 subunit in the receptor complex. For

a more detailed overview of the proximal signaling following TCR activation, see section iNF-a B
signaling in lymphoma i Overview of NF-ae B s i gnal i n &he ganonktal Rathway.o In
addition, mouse model studies have demonstrated the functional significance of Fyn in T cells.

One of the major steps of the thymocyte development occurs following t he TCR b
rearrangement to select for only the cells that
t he b s edlsecanhot sumive without signaling triggered via pre-TCR, a signhaling complex
formed by thepeBbBCRMm.ain and

The complete | ack of cel |l s t hatin tipeadsuble kndtkout beck’sFgnt-enice i o n
indicates the crucial role of these SFKs in T cell development (Groves et al. 1996, van Oers et al.

1996). In single knockout mouse models, Fyn’ mice are normal in numbers and proportions of

thymocytes (Appleby et al. 1992, Stein et al. 1992), in contrast to Lck deficient mice, which show

chai

expr

about 90% reduction in the number of thymocytest hat sur vi ve (Molnaetd 192). ect i on

Similarly, Lck-deficient mouse T cells have a 10-fold decreased proliferative response after CD3
stimulation (Molina et al. 1992), whereas Fyn-deficient mouse T cells show only mild impairment
apart from the dramatic reduction in IL-2 production (Appleby et al. 1992, Stein et al. 1992). These
mouse models suggest that while both Lck and Fyn play important roles in T cell development and

activation, Fyn function appears to overlap significantly with the role of Lck.
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IV.NF-eB activating signal transducer, TRAF3Il Pz

TRAF3IP2encodestheNF-e B acti vating signal transducer TRAF3I P2,
which belongs to the similar expression of fibroblast growth factor/ interleukin-17 receptor (SEFIR)

domain protein family. SEFIR is a homotypic protein interaction domain that is distantly related to

the toll/interleukin-1 receptor (TIR) homology domain of toll-like receptors (TLRS), interleukin-1

receptor (IL-1R), and their adaptor proteins such as Myd88 (Novatchkova et al. 2003). The only

member of the SEFIR family identified besides the interleukin-17 (IL-17) receptors, TRAF3IP2

binds to the SEFIR domain of IL-17Rs and serves an essential role in all known IL-17-dependent

signaling pathways, most prominently NF-a B a ¢ t (Gu et &l.i2018). Of note, structure studies

have shown that TRAF3IP2 can also homo-oligomerize via the SEFIR domain (Mauro et al. 2003,

Zhang et al. 2013).

IL-17 promotes inflammatory response either by transcriptional activation of the proinflammatory

genes or by stabilization of target mMRNA transcripts. As hematopoietic cells largely lack expression

of IL-17 receptor C (IL-17RC), an essential subunit of the predominant form of the IL-17R complex,

the response to IL-17 primarily arise from non-hematopoietic cells (Ho et al. 2010, Amatya et al.

2017).

IL-17R signaling is analogous to IL-1R/TLR pathways in that the proximal signal transduction

occurs via homotypic protein-binding domain interaction between the receptor and the adaptor

protein. Upon receptor ligation, TRAF3IP2 via its C-terminal SEFIR domain (Figure 1.9) binds to

the IL-17R complex. In addition to its role as an adaptor that links the receptor signal and the

effector tumor necrosis factor receptor (TNFR)-associated factor (TRAF) proteins, TRAF3IP2 also

serves as a K63 E3 ubiquitin ligase via the U-box domain (Liu et al. 2009) (Figure 1.9). TRAF3IP2

recruits another K63 E3 ligase TRAF6 via the N-terminal TRAF-binding motif (Ryzhakov et al. 2011,

Sonder et al. 2011) and together initiates a poly-ubiquitinated scaffold that brings TAK1 and IKK

complex to ultimately activate the canonical NF-a B s i g(fkigureili®) ( see secaBon ANF
signaling in lymphoma i Overview of NF-ae B si gnal i hgheaChwani cal Pat hway?o
details on the role of protein oligomerization, ubiquitination, and IKK recruitment in the canonical

NF-e B act ilvaaditonaooNF-e B acti vati on, TRAF31 P2 -amtivaled particip
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protein kinase (MAPK) pathways and TRAF2 and TRAF5-mediated stabilization of target gene
MRNAs (Amatya et al. 2017) (Figure1.10).NF-ae B acti vati on, however,
downstream of TRAF3IP2, as evidenced by the overrepresentationof NF-e B pr omot er

IL-17 target genes (Shen et al. 2006).

TRAF3IP2
ITRAF binding motif: PVEVDE (15-20), EEESE (38-42), EERPA (333-337)

dal - U-Box | SEFIR ) 574

135 190 273 338 394

Figure 1.9 7 Domain structure of TRAF3IP2. HLH, Helix-loop-helix domain; SEFIR, similar expression of
fibroblast growth factor/ interleukin-17R (SEFIR) domain. The amino acid sequence and the location of the
three TRAF binding motif are indicated.

. IL-17A, IL-17F,
IL-1TAF

IL-17RA IL-17RC

Stabilization of mMANAS
D @
|

Transcriptional activation

= Pro-inflammatory cytokines
- Chemaokines

- Antimicrobial peptides

Figure 1.10 1 Activation of IL -17 Signal Transduction. Receptor ligation enables homotypic interactions
between the SEFIR domains in the receptor and in TRAF3IP2. TRAF3IP2-induced K63-linked ubiquitination
of TRAF6 activates t he -aNBAPKat hwWaBRbH tandygBFing
downstream target genes, including pro-inflammatory cytokines, chemokines and antimicrobial peptides.
Additionally, TRAF3IP2, when phosphorylated at amino acid 311, recruits TRAF2 and TRAF5 to stabilize
MRNA transcripts of certain target genes. Adapted from (Monin and Gaffen 2018).

Unexpectedly, in B cells that lack the classical IL-17 receptor, TRAF3IP2 serves as a negative
regulator of BAFF and CD40 signaling (Qian et al. 2004). While the mechanism is not entirely clear,

protein interaction studies seem to indicate that TRAF3IP2 suppresses the signaling by recruiting
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TRAF3 (Qian et al. 2004). Given the role of TRAF3 in NIK activity (s e e s ec teiBorms ifgMRIl i ng i n

lymphoma i Overview of NF-e B si gnal i nGhe aAlhtwarynati ve Pat hwayo) , T
negatively mediate the alternative NF-e B si gnal i ng and positively regul at

depending on the context.

Given the significant role that TRAF3IP2 playsinNF-e B acti vati on and inflammati o
implicated in various inflammatory diseases, including psoriasis (Hobbs et al. 2017), candidiasis

(Okada et al. 2016), and ischemic injury (Erikson et al. 2017).
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V. Specific Aims

Peripheral T cell lymphomas (PTCL) are highly aggressive lymphoid tumors derived from post-
thymic mature T cells. Angioimmunoblastic T cell lymphoma (AITL) and PTCL, not otherwise
specified (PTCL, NOS) account for about half of the cases and show poor outcomes under current
therapeutic options. Despite major advances in the understanding of PTCL tumor biology over the
past few years, AITL and PTCL, NOS still lack clear actionable targets. Therefore, discovering new
oncogenic drivers and defining their mechanism of action are major research imperatives in AITL
and PTCL, NOS.

Previous exome sequencing studies have revealed a diverse set of point mutations, indels, and
copy number changes in AITL and PTCL, NOS, but reports of gene fusions have been scarce.
Considering the important role that chromosomal rearrangements play in the pathogenesis and
clinical management of other hematologic malignancies, my central hypothesis is that gene fusions
induce oncogenesis in AITL and PTCL, NOS by aberrantly activating a specific pathway that is
central to the pathogenesis of the disease. In that context, identification and characterization of
fusion oncogene in AITL and PTCL, NOS will enable us to better understand the disease and
facilitate the development of effective therapeutics. Thus, the central goal of this thesis was to
identify and functionally characterize fusion genetic drivers of T cell transformation in AITL and

PTCL, NOS. Towards this goal, | proposed the following aims:

Aim 1: To identify recurrent  fusion gene s in AITL and PTCL, NOS .

Aim 2: To functionally characterize the role of novel fusion gene s in T cell transformatio n
in vitro and in vivo .

Aim 3: To therapeutically target the  downstream effector pathogenic mechanism of PTCL

fusion onco genes.
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Chapter 2: Identification of a FYN-TRAF3IP2 gene fusion in PTCL

With the goal of identifying new therapeutic targets in PTCL, we investigated the presence of new
recurrent gene fusion events in RNAseq data from a cohort of 101 PTCL samples consisting of
AITL (n=60) and PTCL, NOS (n=41) cases (Abate et al. 2017). These analyses identified the
presence of chimeric reads spanning exon 8 of FYN and exon 3 of TRAF3IP2 in two AITL cases
supporting expression of a new recurrent FYN-TRAF3IP2 fusion joining the FYN non-receptor
tyrosine kinase gene (Palacios and Weiss 2004) and TRAF3IP2, which encodes a cytoplasmic
adapter signaling protein downstream of the interleukin 17 receptor (IL17R) (Li et al. 2000, Chang

et al. 2006, Qian et al. 2007) (Figure 2.1a and Table 2.1).

Table 2.1 7 Chimeric FYN -TRAF3IP2 RNAseq reads.

Sample Diagnosis FYN breakpoint TRAF3IP2 breakpoint Reads Split reads
TP47 AITL 111,702,885 111,592,094 37 29
TP58 AITL 111,702,885 111,592,094 11 9

Reverse-transcription PCR (RT-PCR) amplification and dideoxynucleotide sequencing validated
the expression of the FYN-TRAF3IP2 fusion mRNAs in each of these index samples (Figure 2.1b).
In addition, extended analysis by RT-PCR and sequencing of an independent panel of PTCL RNA
samples with broad representation of PTCL subtypes (Table 2.2) revealed the presence of FYN-
TRAF3IP2 fusion transcripts in 8/28 cases (28%), which included 4/9 (44%) AITLs, 3/6 (50%)
PTCL, NOS cases and one extranodal NK/T cell lymphoma, nasal type sample (Figure 2.1c and

2.2).
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FYN Exon 8 TRAF3IP2 Exon 3

..CCACCCGGGCCCAGTTTGAAACACTTCAGCAGCTTGTACAACATTACTCAG  AAACTAGAATGAACCGAAGCATTCCTGTGGAGGTTGATGAATCA...

b FYN Exon 8 TRAF3IP2 Exon 3
CCACCCGGGCCCAGTTTGAAACACTTCAGCAGCTTGTACAACATTACTCAG AAACTAGAATGAACCGAAGCATTCCTGTGGAGGTTGATGAATCA
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Figure 2.1 i Identification of the FYN -TRAF3IP2 gene fusion in PTCL. A, Schematic representation of the
FYN-TRAF3IP2 fusion transcripts identified in RNAseq. Each horizontal line represents a chimeric FYN-
TRAF3IP2 RNAseq read. B, Representative dideoxynucleotide sequencing result of the FYN-TRAF3IP2
cDNA from a PTCL index sample. C, Frequency and distribution across PTCL groups of samples harboring
the FYN-TRAF3IP2 fusion transcript (total, n=28; AITL, n=9; PTCL, NOS, n=6; Extranodal NKTCL, nasal type,
n=1; ALCL, n=2; HSTCL, n=3; CTCL, n=3; ATL, n=1; SPTCL, n=1). D, Schematic representation of the
chromosomal rearrangement event resulting in expression of the FYN-TRAF3IP2 fusion RNA and breakpoint
sequence identified by whole genome sequencing. E, Schematic representation of the structures of the FYN
kinase, TRAF3IP2 protein, and FYN-TRAF3IP2 fusion protein. SH3, Src homology 3 domain; SH2, Src
homology 2 domain; TBM, TRAF-binding motif; HLH, Helix-loop-helix domain; SEFIR, SEF/IL-17R signaling
domain.
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Table 2.2 i List of patient samples analyzed by reverse transcription and PCR amplification.

Sample # Eg?ﬂ?;fg’ Tissue Site Reduced Diagnosis Fusion

1 40% Lymph Node, Left Axillar AITL
> 30% Ic_;)gpvpi):all\lode, Left Posterior AITL
4 30% Lymph Node, Right Neck PTCL, NOS TFH yes
5 50% Spleen HSTCL
6 40% Lymph Node, Right Level 4 AITL, recurrent yes
7 15% Spleen PTCL, NOS yes
8 70% Lymph Node, Neck Level 2 ATL
9 40% Lymph Node, Right Axillary PTCL, NOS, recurrent

10 500 LymPn Node, NeckLeftDeep  prei NoS Lennertike

B 2% G ALK ALCL

12 25% Lymph Node, Right Inguinal AITL

13 30% Abdomen, Abdominal Wall SPTCL

14 20% Lymph Node, Right Groin AITL

15 25% Lymph Node, Left Axillary AITL

16 40% Lymph Node, Left Groin PTCL, NOS TFH, recurrent yes

17 70% Lymph Node, Left Axilla CTCL

18 20% gﬁ?faig\‘/’i‘éii;en ALK+ ALCL

19 25% Spleen HSTCL

22 30% Lymph Node, Left Axillary CTCL

23 70% Testis, Right ENKTCL, nasal type yes

24 20% Lymph Node, Left Axillar AITL yes

25 50% Spleen HSTCL

28 50% Lymph Node, left inguinal ALK- ALCL

30 40% Lymph Node, left iliac PTCL, NOS TFH

32 5% Lymph Node, right groin CTCL

33 20% Lymph Node, left axillary AITL yes

34 15% Lymph Node, left neck AITL yes

Lymph nodes, anterior
35 15% mediastinal and right ALK- ALCL

paratracheal

AITL, angioimmunoblastic T cell ymphoma; ALCL, anaplastic large cell ymphoma; ALK, anaplastic lymphoma
kinase; ATL, adult T cell lymphoma; CTCL, cutaneous T cell lymphoma; ENKTCL, extranodal NK/T cell
lymphoma; HSTCL, hepatosplenic T cell ymphoma; PTCL, NOS, peripheral T cell lymphoma, not otherwise
specified; SPTCL, subcutaneous panniculitis-like T cell lymphoma; TFH, follicular helper T cell.
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Figure 2.2 7 FYN-TRAF3IP2 detection by RT -PCR and dideoxynucleotide sequencing. A, Reverse-
transcription PCR (RT-PCR) amplification results of an independent panel of 28 PTCL RNA samples spanning
the region of FYN-TRAF3IP2 fusion breakpoint. B, DNA sequencing chromatograms of the RT-PCR
amplicons generated in a.

Structurally, FYN and TRAF3IP2 are adjacently located loci in head to tail orientation with the
TRAF3IP2 gene positioned 53.4 kb centromeric from FYN in the long arm of chromosome 6 (Figure
2.1d). To investigate the mechanism underlying the expression of FYN-TRAF3IP2 fusion mRNAs
in PTCL, we performed deep (100x) whole genome sequencing of a FYN-TRAF3IP2-expressing

AITL sample with available genomic DNA. Analysis of structural abnormalities identified a
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chromosome 6 rearrangement joining FYN intron 8 (Chr6:111,702,370) and TRAF3IP2 intron 2
(Chr6:111,592,704) (Figure 2.1d and Table 2.3). This genetic alteration spanning 109,666 base
pairs generates a gene fusion predicted to express a FYN-TRAF3IP2 chimeric RNA with FYN
exons 1-8 splicing into exon 3 of TRAF3IP2, in concordance with the results of RNAseq analyses

in this sample.

Table 2.3 i Genomic b reakpoint of FYN-TRAF3IP2 fusion analyzed by whole genome sequencing.
Sample Diagnosis FYN breakpoint TRAF3IP2 breakpoint Reads Split reads

TP58 AITL 111,702,370 111,592,704 2 2

Table 2.4 7 Mutational profile of FYN-TRAF3IP2 harboring sample analyzed b y whole genome
sequencing.

Sample Chr Position Ref Var Gene AA Transcript ID \F/?er(iqaunetncy
TP58 3 49412973 cC A RHOA G17v NM_001664 13

TP58 4 105236364 G T TET2 E808* NM_001127208 14

TP58 7 2928644 T G CARD11 N570H NM_032415

TP58 7 2928646 C A CARD11 G569V  NM_032415

TP58 20 41162516 T G PLCG1 F193Vv NM_182811 8

TP58 20 41163397# G A PLCG1 R270H NM_182811 54

TP58 20 41163423# A G PLCG1 S279G NM_182811 54

TP58 20 41168825# T C PLCG1 1813T NM_182811 100

Chr, chromosome number; Ref, reference; Var, variant; AA, amino acid change.
* stop gain. # germline single nucleotide polymorphism.

49



Chapter 3: Functional characterization of  FYN-TRAF3IP2

The chimeric protein encoded by FYN-TRAF3IP2 contains the N-terminal membrane localization

motif and the SH3 and SH2 domains (aal-232) of FYN, but not its SH1 kinase domain, in fusion

with all known motifs and domains of TRAF3IP2 (aa7-574) including its helix-loop-helix domain, a
TRAF6-ubiquitinating U-Box domain, three putative TRAF-binding motifs and its IL-17R-

associating SEFIR domain (Figure 2.1e ). Mechanistically, this protein configuration suggests that
FYN-TRAF3IP2 could result in aberrant TRAF3IP2-mediated signaling rather than inducing

oncogenic FYN kinase activity.

The TRAF3IP2 adaptor protein plays an important role in mediatingNF-a B si gnal i ng downstr
of the IL17 receptor(Li et al. 2000, Chang et al. 2006, Qian et al. 2007). However, IL17R is not

functionally expressed in T cells (Figure 3.1a) (Kuestner et al. 2007, Gaffen 2009, Ishigame et al.

2009). Consistently, IL17 treatment failed to elicitincreasedNF-a B s i gnal i negB irne podrPt eNrF
Jurkat T cells infected with empty vector, wild type TRAF3IP2 and FYN-TRAF3IP2 expressing

lentiviruses (Figure 3.1b ).
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Expression (TPM) FYN-TRAF3IP2 - - +
Figure 3.1 i T cells do not functionally express IL17 receptors. A, RNA expression level of IL17RC,

essential for a functional IL17 receptor (Ho et al. 2010), in T cells and monocytes represented from DICE
(Database of Immune Cell Expression, Expression gquantitative trait loci and Epigenomics). B, NF-a BGFP
reporter activity in transduced Jurkat cells after stimulation with 200 ng/mL IL17A. Results are reported as
mean of triplicate values (bar) + standard deviation (error bar) with individual values (white circles). P values
were calculated using two-tailed St u d et-tes$t.6 s

In this context, and given the prominent role of TCR signaling as driver of PTCL proliferation and

survival (Wilcox 2016), we proposed an aberrant adaptor role for FYN-TRAF3IP2 linking TCR
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activation to NF-e B si gnal i ng. I n agreement wi t h RYNi s hypoth
TRAF3IP2-expressing Jurkat cells with an anti-CD3 antibody led to significantly increased NF-a B
reporter activity compared with controls (Figure 3.2b). Similarly, treatment with phorbol 12-
myristate 13-acetate (PMA), which mimics the effects of diacylglycerol, a second messenger
inducing protein kinase C (PKC) activation downstream of TCR signaling, induced markedly
increasedNF-a B r ep or t er FYNeTRAFSIRZ2segpsessingJurkat cells compared with wild
type TRAF3IP2 expressing and empty vector infected controls (Figure 3.2¢). In all, these results
support arole for FYN-TRAF3IP2 asadriverof NF-ae B acti vati on d-indupesPkCeam of TC

signaling in PTCL.
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Figure 3.2 T FYN-TRAF3IP2 drivesNF-a B acti vati on i n -indueeslPlsigealing.oa, TCR
Immunoblot analysis of Jurkat NF-a BGFP reporter cells lentivirally transduced with empty vector or with
viruses driving expression of wild type TRAF3IP2-V5 or the FYN-TRAF3IP2-V5 fusion. 1B, immunoblot. B, NF-

8 BGFP reporter activity in Jurkat cells as in a after stimulation with anti-CD3 (a-CD3) antibody. C, NF-a B

GFP reporter activity in Jurkat cells as in a after treatment with increasing doses of PMA. Bar graphs indicate

the mean of triplicate values. Error bars indicate + standard deviation. Individual values are shown as white
circles. P values were calculated using two-tailed St u d et-te$t.0 s

Recruitment of adaptor and signaling factors to multiprotein complexes in the plasma membrane
plays an important role in TCR signal transduction (Chakraborty and Weiss 2014). The FYN N-

terminal sequence GCVQCKDK is myristoylated (at the Gly site) and palmitoylated (at the two Cys
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sites) and targets localization of the FYN protein to the plasma membrane (Wolven et al. 1997,

Sato et al. 2009) (Figure 3.3a). The presence of this motif in FYN-TRAF3IP2 supports a potential

role for aberrant membrane recruitment of this fusion protein in NF-e B acti vati on. Subcel

fractionation analyses of cells expressing TRAF3IP2 or the FYN-TRAF3IP2 fusion recovered FYN-
TRAF3IP2 in the membrane fraction, while wild type TRAF3IP2 was primarily located in the cytosol
(Figure 3.3b). Moreover, mutation (ASVQSKDK) of the FYN-TRAF3IP2 FYN membrane
localization motif (Wolven et al. 1997) (Figure 3.3a) resulted in delocalization of this fusion protein
to the cytosolic compartment (Figure 3.3 b). Consistently, immunofluorescence analysis of C-
terminal 3xFlag-tagged proteins showed plasma membrane localization of FYN-TRAF3IP2 and a
diffuse cytosolic localization pattern for wild type TRAF3IP2 and ASVQSKDK FYN-TRAF3IP2
(Figure 3.3c ). Moreover, and in support of a mechanistic functional role of plasma membrane
localization in FYN-TRAF3IP2-mediated signaling, introduction of the ASVQSKDK membrane
localization motif mutation in FYN-TRAF3IP2 abrogated the capacity of this fusion protein to
activateNF-e B i n r epo FigueiB.3d.ssays (

Activation of NF-e B downstream of PKCd after TCR ac
multiprotein complex containing CARD11, BCL10 and MALT1 (CBM signalosome) (Meininger and
Krappmann 2016), which upon activation, recruits and activates TRAF6. This, in turn, triggers
multiple K63-linked (TRAF6 and BCL10-mediated) and M1-linear (linear ubiquitin chain assembly

complex (LUBAC)-mediated) ubiquitination events, which collectively mediate phosphorylation and

tivati on

activation of the IKK complex (Meininger and Krappmann 2016)| eadi ng t o degradation o

NF-eB i nhibitory f-aBtouc¢l EeandiagatbozBFi on and-

aB target ge tMeinirger and Krappmaon2016) (Figure 3.6).
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Figure 3.3 T Membrane localization of FYN -TRAF3IP2. A, Schematic representation of the FYN-TRAF3IP2
fusion protein indicating the wild type and mutant membrane localization motif sequences. B, Immunoblot
analysis (left) and quantification (right) of cytosolic and membrane-associated FLAG-tagged proteins after
subcellular fractionation in Jurkat cells expressing wild type TRAF3IP-3xFLAG, FYN-TRAF3IP2-3xFLAG, or
membrane localization mutant ASVQSKDK FYN-TRAF3IP2-3xFLAG. C, Immunofluorescence analysis of
cellular localization of FLAG-tagged proteins in HelLa cells expressing wild type TRAF3IP2-3XFLAG, FYN-
TRAF3IP2-3xFLAG, and membrane localization mutant ASVQSKDK FYN-TRAF3IP2-3xFLAG. FLAG-tagged
proteins are shown in red, the Na/K ATPase membrane marker in green, and DAPI-stained nuclei in blue.
Scal e bar D NFd@Bemual |l uci ferase reporter activity
cells transduced with empty vector or lentivirus driving expression of wild type TRAF3IP2-V5, FYN-TRAF3IP2-
V5, or mutant ASVQSKDK FYN-TRAF3IP2-V5. Bar graphs indicate the mean of triplicate values. Error bars
indicate + standard deviation. Individual values are shown as white circles. P values were calculated using
two-tailed St u d et-te$t.dBs immunoblot.

To test if FYN-TRAF3IP2 could activate NF-e B vi a t he CBM compl ex,
PKC activation induced by PMA treatment to trigger expression of a NF-a BGFP reporter in wild

type and CARD11 knockout Jurkat cells (Wang et al. 2002) (Figure 3.4) expressing FYN-
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TRAF3IP2. In these experiments, empty vector control and wild type TRAF3IP2-expressing
CARD11 deficient cells showed a marked impairment in NF-ae B si gnal ing triggered
treatment, which was effectively rescued by lentiviral expression of CARD11-HA (Figure 3.5a,b).
In contrast, CARD11 knockout Jurkat cells expressing FYN-TRAF3IP2 readily activated the NF-
9 BGFP reporter in response to PMA treatment (Figure 3.5 a,b). This result demonstrates a CBM-

independent role for FYN-TRAF3IP2 as mediator of TCR-inducedNF-e B acti vati on i n PTCL.

a b P<0.001 |
£ P<0.001
O = o I .
iz 10 P<0.001
5 $ ok g~ P<0.001
£ 553 32 P=0.303
S 23¢9 % =0.
. @ |B: CARD11 %% 54 | P<0.001
== IB:HA @,g
e o
s e B GAPDH “ZI‘ 6 . i
No Treatment PMA TNFa
mm Jurkat
= CARD11 KO

= CARD11 KO + CARD11-HA

Figure 3.4 i Knock out and reconstitution of ~ CARD11 in Jurkat cells. Immunoblot analysis a and NF-a B

GFP reporter activity after sti mulladJPH50.6 @GARDH kridckoun M of P MA
and JPM50.6 cells reconstituted by CARD11-HA expression. Results are reported as mean of triplicate values

(bar) + standard deviation (error bar) with individual values (white circles). P values were calculated using two-

tailed St u d et-te$t.6 s

Interestingly, both IL17R signaling and TCR-CBM signhalosome NF-e B acti vati on engage T
a ubiquitin ligase prominently involvedinNF-e B si gnal i ng upstr éMalmhebd. | KKb act
2015). Moreover, TRAF6 can directly interact with TRAF3IP2, via association with TRAF-binding

motifs present in the FYN-TRAF3IP2 fusion protein (Liu et al. 2009, Ryzhakov et al. 2011, Sonder

et al. 2011), suggesting a potential role for TRAF6 in FYN-TRAF3IP2-mediated NF-e B act i vati on.
Consistent with this possibility, immunoprecipitation and western blot analyses demonstrated that,

similar to wild type TRAF3IP2, the FYN-TRAF3IP2 protein can prominently interact with TRAF6

(Figure 3.5d). Moreover, introduction of a disruptive focal mutation (PVAVAA) (Ryzhakov et al.

2011) in the TRAF3IP2 TRAF6-binding motif of FYN-TRAF3IP2 (Figure 3.5¢) impaired the ability

of this fusion protein to interact with TRAF6 (Figure 3.5d) and its capacity to respond to PMA in

Jurkat NF-a BGFP reporter assays (Figure 3.5e).
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Figure 3.5 T FYN-TRAF3IP2 engages TRAF6 to activate CARD11 -independent NF-a B signaling.
Immunoblot analysis of CARD11 knockout Jurkat cells and CARD11-HA reconstituted CARD11 knockout cells
infected with empty vector or lentiviruses driving expression of TRAF3IP2-V5 or the FYN-TRAF3IP2-V5 fusion.
b, NF-a BGFP reporter activity after stimulation with 25 nM PMA in Jurkat cells as in a. ¢, Schematic
representation of the FYN-TRAF3IP2 fusion protein indicating the wild type and mutant TRAF6-binding motif.
d, Micrograph (top) and quantification (bottom) of IP western analyzing the interaction between HA-TRAF6
and V5-tagged proteins in 293T cells expressing wild type TRAF3IP2-V5, FYN-TRAF3IP2-V5 or PVAVAA
FYN-TRAF3IP2-V5 or in the empty vector control. e, Immunoblot analysis of Jurkat cells transduced with
empty vector or lentivirus driving expression of wild type TRAF3IP2-V5, fusion FYN-TRAF3IP2-V5, or mutant
PVAVAA FYN-TRAF3IP2-V5 (top) and corresponding NF-a BGFP reporter activity (bottom) after stimulation
with 25nM PMA. IP, immunoprecipitation; IB, immunoblot. Bar graphs in a and e indicate the mean of triplicate
values. Error bars indicate + standard deviation. Individual values are shown as white circles. P values were
calculated using two-tailed St u d et4est.dBar graphs in d indicate protein interaction levels normalized to
TRAF3IP2-V5.
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Collectively, these results suggest a mechanism in which localization of FYN-TRAF3IP2 at the
membrane rewires the TCR signal transduction pathway resulting in enhanced and dysregulated
NF-eB signaling. Anal ogous -atBo atchtei v@B MRAF3IRA mlad Fi YnN\g , N F
responds to TCR and PKC activation, but redirects this input signal to directly recruit TRAF6 and

activate NF-e B ci rcumventing Fgwme36@CBM compl ex (
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Figure 3.6 7 Schematic representation FYN -TRAF3IP2 signaling in T cells. The T cell receptor
downstream second messenger diacylglycerol activates and recruits PKC to the plasma membrane. In
physiologic T cells, CARD11, upon phosphorylation by PKC, nucleates the CARD11-BCL10-MALT1 (CBM)
complex, which involves several factors including TRAF6 to form a polyubiquitinated signaling platform to

activate the classical IKK complex. Theact i vat ed | KK compl ex subsequently cataly
which triggers K48-linked polyubiquitination of the substrate followed by proteasomal degradation. Relieved
from the inhibitory protein, NF-e B t ranscri ption f act orckustardeacivate targat mul at e i n

genes. Analogous to the physiologic signaling, NF-e B a c t i v a tTRAR3IPZalso résjyoNds to TCR and
PKC activation. Localization of FYN-TRAF3IP2 at the membrane rewires the TCR signal transduction pathway
by redirecting the input TCR signals to circumvent the CBM complex and directly recruit TRAFS6, resulting in
enhanced and dysregulated NF-e B si gnal i ng.
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Chapter 4: Oncogenic role of FYN-TRAF3IP2 in PTCL

Loss-of-function TET2 mutations are highly recurrent genetic lesions in PTCL (Couronne et al.
2012, Lemonnier et al. 2012, Palomero et al. 2014, Sakata-Yanagimoto et al. 2014), can be found
in association with FYN-TRAF3IP2 (Table 2.4), and accelerate the development of PTCL in mice
(Cortes et al. 2018). To investigate the oncogenic activity of FYN-TRAF3IP2 we analyzed the
lymphomagenic effects of expressing this gene fusion alone and in cooperation with loss of the
Tet2 tumor suppressor gene in vivo. In these experiments, we first infected hematopoietic
progenitors from CD4-specific tamoxifen-inducible Cre Tet2 conditional knockout mice (CD4 Cre-
ERT2, Tet2®M) with bicistronic retroviruses expressing wild type TRAF3IP2 and GFP, FYN-
TRAF3IP2 and GFP, or GFP alone and injected these intravenously into isogenic recipients (Figure
4.1) Transplanted mice were then treated with vehicle only, to test the oncogenic effects of
TRAF3IP2, FYN-TRAF3IP2 or GFP expression; or with tamoxifen, to evaluate the effects of
TRAF3IP2, FYN-TRAF3IP2 or GFP expression in concert with genetic loss of Tet2 in CD4 T cells.
In this setting, all animals transplanted with GFP-expressing progenitors remained lymphoma free
at the end of follow up and one animal transplanted with wild type TRAF3IP2 GFP expressing cells
developed a CD8+ T cell lymphoma (Figure 4.2a,b). In contrast, and most notably, 4/10 (40%)
vehicle treated mice transplanted with FYN-TRAF3IP2-expressing cells developed clonal CD4-
restricted mature T cell lymphomas with a latency of 28 weeks in support of a driver oncogenic role
for FYN-TRAF3IP2 in PTCL (Figure 4.2a). In addition, mice transplanted with FYN-TRAF3IP2-
expressing progenitors and treated with tamoxifen to delete Tet2 in the CD4 T cell compartment
showed accelerated mortality with a latency of 22 weeks, supporting a cooperative role between
Tet2 loss and FYN-TRAF3IP2 in lymphoma development. By 44 weeks post-transplant, 7/10 of
mice in this group were euthanized with signs of disease (Figure 4.2c). Of these, 5/7 were
diagnosed with CD4-positive T cell lymphoma based on histopathological and flow cytometry

analyses, for an overall lymphoma penetrance of 50% (5/10) at the end of follow up.
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Figure 4.1 T Schematic representation of bone marrow transplant experiment analyzing the

lymphomagenic activity of FYN-TRAF3IP2. We transduced hematopoietic progenitors from CD4 Cre-ERT2
Tet2™" mice with bicistronic retroviruses driving the expression of GFP, FYN-TRAF3IP2-V5 and GFP or wild
type TRAF3IP2-V5 and GFP. We intravenously transplanted the infected cells into lethally irradiated C57BL/6
recipient mice and treated them 8 weeks post-transplant with vehicle only or with tamoxifen to preserve or
delete Tet2 in CD4* T cells, respectively. These cohorts of mice were then immunized with sheep red blood
cells every 4-5 weeks to induce peripheral T cell activation.
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Figure 4.2 7 Expression of FYN-TRAF3IP2 in mouse hematopoietic progenitors induces PTCL, NOS.

a, Kaplan-Meier survival curves of mice transplanted with bone marrow progenitor cells from CD4 Cre-ERT2
Tet2¥ mice retrovirally transduced to express GFP only, wild type TRAF3IP2 and GFP, or fusion FYN-
TRAF3IP2 and GFP treated with vehicle (blue arrow) 8 weeks post-transplant. b, Splenic weight of animals at
the endpoint after transplantation as in a. Red circles, GFP+ CD4+ lymphoma,; black circles, no lymphoma;
gray circle, GFP+ CD8+ lymphoma; horizontal line, mean value. P values were calculated using two-tailed
St u d ettest.&,Kaplan-Meier survival curves of mice transplanted with bone marrow progenitor cells from
CD4 Cre-ERT2 Tet2" mice retrovirally transduced to express GFP only, wild type TRAF3IP2 and GFP, or
fusion FYN-TRAF3IP2 and GFP treated with tamoxifen (red arrow) 8 weeks post-transplant. d, Splenic weight
of animals at the endpoint after transplantation as in c. Red circles, GFP+ CD4+ lymphoma; black circles, no
lymphoma; horizontal line, mean value. P values were calculated using two-tailed St u d etrdstd e,
Histological micrographs of hematoxylin-eosin stained spleen sections of immunized control mice and FYN-
TRAF3IP2-i nduced CD4+ PTCL, NOSf, ReFasentatve HAGS plotshowifglGFR @D4*
lymphoma cells in lymphoma-infiltrated spleens from FYN-TRAF3IP2 diseased mice. g, Immunoblot analysis
of FYN-TRAF3IP2-V5 protein expression in control splenocytes and in the lymphoma-infiltrated spleen of a
FYN-TRAF3IP2 diseased mouse. h, Tcr Vb c IF¥FMERAR3IPY lynipmoma cells (GFP* CD4*) and
normal CD4 T cells (GFP- CD4"*) from a diseased mouse. i, Tcrb clonal distribution in FYN-TRAF3IP2-induced
CD4* primary tumors and in a representative allografted secondary lymphoma. Sectors represent the fraction
of reads corresponding to individual Tcrb sequences.
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Mice harboring FYN-TRAF3IP2-induced lymphomas showed splenomegaly and generalized
lymphadenopathy (Figure 4.2b,d and Figure 4.3 a,b). Histopathological examination of enlarged
lymph nodes and spleen showed replacement of lymphoid follicles with a diffuse pleomorphic
lymphohistiocytic infiltrate composed predominantly of atypical lymphocytes (Figur e 4.2¢€). Flow
cytometry analysis of splenocytes in lymphoma bearing mice demonstrated the presence of GFP*
cells derived from FYN-TRAF3IP2 GFP infected progenitors (Figure 4.2 f) and immunoblot analysis
verified the expression of the FYN-TRAF3IP2 protein (Figure 4.2 g). In addition, histological and
flow cytometry analyses of extranodal sites revealed infiltration of the bone marrow and peripheral
tissues including liver, kidneys and lungs by GFP* tumor cells indicating disseminated disease
(Figure 4.3c-e). GFP* tumor cells in FYN-TRAF3IP2-induced lymphoma showed a CD4*
immunophenotype (Figure 4.2f). In addition, analyses of TFH markers showed upregulation of
ICOS and PD1, but variable and generally limited expression of CXCR5 and BCL6 (Figure 4.4b,c
and Table 4.1). Moreover, sequencing and flow cytometry analyses of the TCR repertoire of FYN-
TRAF3IP2 lymphoma cells revealed clonal expansion of T cell populations (Figure 4.2h,i). Finally,
transplantation of splenic cells from diseased mice into secondary recipients led to accelerated
development of secondary lymphomas (Figure 4.5a), which retained the histological and
immunophenotypic features of the primary tumor (Figure 4.5b-e) with increased T cell clonality

(Figure 4.2 and Figure 4.5f).

Table 4.1 i TFH mark er expression in mouse FYN-TRAF3IP2 PTCL, NOS
Sample ID Genotype CD4 PD1 CXCR5 ICOS BCL6

Lymphoma_1 Tet2” FYN-TRAF3IP2
Lymphoma_2 Tet2” FYN-TRAF3IP2
Lymphoma_3 Tet2” FYN-TRAF3IP2
Lymphoma_4 Tet2” FYN-TRAF3IP2
Lymphoma_5 Tet2” FYN-TRAF3IP2
Lymphoma_6 Tet2 FYN-TRAF3IP2
Lymphoma_7 Tet2V FYN-TRAF3IP2
Lymphoma_8 Tet2V FYN-TRAF3IP2
Lymphoma_9 Tet2V FYN-TRAF3IP2

oO|0ofo|jo|o|O0o|O0 |0 |O
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Figure 4.3 7 FYN-TRAF3IP2-induced ly mphomas infiltrate lymphoid organs, bone marrow and solid
tissues in mice. a, Spleens from FYN-TRAF3IP2-induced lymphoma-bearing mice (bottom) and nine
representative mice that were lymphoma-free at the end of follow up (top). b, Representative lymph nodes
from FYN-TRAF3IP2-induced lymphoma-bearing mice. ¢, Representative FACS plots showing GFP* CD4*
FYN-TRAF3IP2 lymphoma cells infiltrating lymph nodes and bone marrow. d, Representative histological
micrographs of H&E stained liver, lung, and kidney of Tet2" or Tet2”- FYN-TRAF3IP2-induced lymphoma-
bearing animals and the GFP only control. e, Representative FACS plots of mononuclear cells collected from
liver, lung, and kidney of FYN-TRAF3IP2-induced lymphoma-bearing animals, showing GFP* CD4* cell
infiltration.
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