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TRAF domain structure. TRAF1 through 6 NC domain
structures are shown as an electrostatic surface
presentation rendered using PyMol (https://www.pymol.
org/) The black dotted circle indicates the receptor
binding region.

Base on Figure 1D of Park HH (2018) Structure of TRAF
Family: Current Understanding of Receptor Recognition.
Front. Immunol. 9:1999. doi: 10.3389/fimmu.2018.01999

Tumor necrosis factor receptor (TNFR) associated factors (TRAFs) are a family of
signaling adaptors first identified as components of TNFR signaling complexes, but
now recognized to regulate signal transduction downstream of a diverse array of
receptors, including Toll like receptors, antigen receptors and cytokine receptors.
TRAF proteins play important roles in many human diseases and processes as
both positive and negative regulators. This eBook begins with a review of TRAF
structure, followed by reviews on the role of TRAFs in NF-kB and mitogen activated
protein kinase (MAPK) signaling as well as in signaling downstream of innate pattern
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recognition receptors. Next is a review focused on the role TRAF1in human disease,
while two other reviews focus specifically on the role of TRAF3in B cells and in bone
resorption, respectively. The role of TRAF proteins in cancer is considered in a review
article and in an original research contribution. Additional reviews address the role of
TRAF proteins in T follicular helper responses, as well as in IL-6 and 4-1BB signaling.
Together these articles highlight the diverse and complex role of TRAF proteins as
both positive and negative regulators in inflammatory and immune signaling, with
impact on many human conditions.

Citation: Bishop, G. A., Abdul-Sater, A. A., Watts, T. H., eds. (2019). TRAF Proteins in
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Editorial on Research topic
TRAF Proteins in Health and Disease

TRAF proteins are a family of signaling adaptors that play diverse roles in signaling by a broad
range of receptors involved in immunity and inflammation. First identified as signaling adaptors
downstream of TNFR2/CD120b (1), TRAFs have been implicated in regulating signaling by antigen
receptors, cytokine receptors, and members of the TNFR superfamily as well as receptors of the
innate immune system (2). New insights into the structure of the family as well as a wealth of
new studies on regulation of signaling by TRAFs prompted the creation of this special topic. This
collection of 11 papers highlights the role of TRAF proteins in diverse signaling pathways as well as
their role in a number of biological and disease processes.

There are 7 mammalian TRAFs. TRAFs 1 through 6 share the conserved TRAF domain,
responsible for hetero- and homo-oligomerization of TRAF proteins, as well as recruitment to
TRAF motifs in the cytoplasmic domains of cell surface receptors, and certain cytoplasmic and
nuclear proteins (Figure 1). Crystal structures are now available for all 6 TRAF proteins including
several recently elucidated complexes of TRAFs with binding partners. As reviewed by Park,
comparison of these structures has revealed conserved as well as unique features of binding among
the different TRAF proteins. TRAF1 is unusual among TRAF proteins in lacking the RING domain
shared by TRAFs 2-6 and the non-conventional TRAF7. Here, Edilova et al. review the role of
TRAF1 as a positive regulator of signaling downstream of TNFRs such as CD40, 4-1BB, and LMP]I,
and as a negative regulator of TLR signaling. They also discuss the potential roles of TRAFI in
human diseases, including arthritis and cancer (Edilova et al.).

NF-kB pathways—including both the canonical and non-canonical/NF-kB2 pathways—play
important roles in the functions of TRAF proteins. These pathways, and related MAPK pathways,
are the focus of a review by Shi and Sun. Shi and Sun discuss the role of TRAFs 2 and 6 as
positive regulators of NF-kB and MAPK signaling, downstream of multiple receptors, the anti-
inflammatory role of TRAF2 and 3 in restraining non-canonical NF-kB signaling, as well as TRAF3
as a negative regulator of TLR signaling.

TRAF proteins have important roles in regulation of inflammation through their role in
activation of pattern recognition receptors, including Toll-like receptors, RIG-1like receptors, Nod-
like receptors, inflammasomes, and STING signaling. In their mini-review, Dhillon et al. discuss the
role of TRAFs in both positive and negative regulation of these pathways.

The physiologic importance of TRAFs 2, 3, and 6 was not easy to determine initially,
because germline deletion of their genes in mice led to peri-natal lethality with multiple severe
developmental abnormalities (3-6). The development of conditional deletion approaches has
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FIGURE 1 | Schematic representation of TRAFs 1 through 7. TRAFs 2,3,5,
and 6, share the conserved TRAF domain, consisting of the coiled-coll,
TRAFN domain and the TRAF-C domain, also known as a MATH domain, as
well as a RING domain and a series of Zn fingers. TRAF1 differs from the other
TRAFs in lacking the RING domain. TRAF3 and TRAF4 have nuclear
localization sequences. TRAF7 lacks the TRAF domain, which is replaced by a
series of WD40 domains (adapted from reference Park).

allowed much more information to be revealed about the in vivo
functions of these molecules. This has in turn highlighted the cell-
type-specific functions that characterize several of the TRAFs.
Boyce et al. discuss the roles played by TRAF3 in regulating
the balance between osteoblasts and osteoclasts in bone health,
as well as disorders detrimentally impacting this balance. Their
article summarizes studies showing that TRAF3 can both limit
osteoclast formation by limiting signaling through the TNFR
superfamily member RANK, as well as inhibiting TNF-induced
osteoclast formation. The review by Bishop et al. demonstrates
that TRAF3 regulates normal and malignant B cell biology via
multiple mechanisms, including the pathways just mentioned as
well as by modulating glucose metabolism, and inhibiting targets
of the nuclear CREB complex.

Given the critical role of NF-kB in regulating genes associated
with inflammation and cellular survival, it is not surprising
that TRAF proteins play important roles in cancer. TRAF-
dependent signaling pathways are altered in many cancers and
there is extensive evidence for both genetic and post-translational
alterations in TRAF signaling. In their review, Zhu et al. provide
a comprehensive analysis of the Cancer Genome Atlas and
the Catalog of Somatic Mutations in Cancer, with respect to
genetic alterations in TRAF proteins in cancer. They find that
all 7 TRAF family members show alterations in human cancers,
with gain of function common for TRAFs 1, 4, 5, and 6,
and loss of function commonly seen for TRAFs 3 and 5. In
a related original research contribution, Perez-Chacon et al.
describe a mouse model in which global overexpression of
TRAF3 and Bcl2 results in tumors with features of mature Non-
Hodgkin B cell lymphoma. The results suggest that TRAF3
and Bcl2 cooperate to induce neoplasms of mature B cells
in mice. Although seemingly at odds with the finding that
TRAF3 is frequently lost in human cancer, the review by Dhillon
et al. points out that TRAF3 not only inhibits some aspects
of TLR function, but can enhance inflammation downstream

of TRIF dependent receptors, so TRAF3 can both positively
and negatively regulate tumorigenesis. Additionally, it is now
clear that TRAFs, particularly TRAF3, can play varied and even
divergent cell-type specific functions. As the overexpression of
TRAF3 in the mouse model studied in Perez-Chacon et al. is
not confined to a single cell type, the phenotype of these mice
likely reflects complex interactions between multiple TRAF3-
overexpressing cell types.

T cell differentiation, leading to the development of a T
follicular helper (Tth) response, is critical for the development
of germinal centers and affinity maturation of the B cell
response (7). TRAFs are involved in signaling by a number
of receptors that have been implicated in the development
of the Tfh response, including the TNFR family members
0X40, GITR, and 4-1BB, reviewed in this collection by Pedros
et al. ICOS, a critical receptor for Tth development, shares
with TRAF proteins a TBKI binding motif, and the authors
discuss how this TRAF-mimicking signal plays a key role in Tth
development (Pedros et al.).

A more in depth look at the 4-1BB signalosome is provided
by Zapata et al, who propose that different TRAF trimer
configurations can allow formation of a complex, higher order
signalosome with opportunities for recruitment of diverse
signaling molecules. The authors also discuss the use of
agonists against 4-1BB in cancer therapy and the implications
of understanding 4-1BB signaling for design of new cancer
treatments (Zapata et al.).

Signaling through the IL-6 receptor (IL-6R) plays an essential
role in differentiation of CD4 T cells into Th17 cells (8), cells with
important protective functions against extracellular bacteria and
fungi (9). However, Th17 cells can also have a pathological role
in diseases such as experimental autoimmune encephalomyelitis
(EAE) (10), an experimental model for human multiple sclerosis.
The IL-6R consists of two chains, the IL-6Ra chain and gp130,
shared with other members of the IL-6R family. In this collection,
Nagashima et al. discuss how IL-6R in naive CD4 T cells binds
TRAF2 and 5, thereby restricting the binding of JAKs to gp130,
and limiting subsequent IL-6-mediated Stat3 activation. Thus,
knockdown of TRAF2 or 5 enhances Th17 development and
exacerbates EAE.

Overall, the articles in this Frontiers topic address the
pivotal roles that TRAF proteins play as positive and negative
regulators of inflammation and immunity mediated by a diverse
array of receptors and cell types. The fact that each of the
TRAF proteins can play both positive and negative roles in
particular pathways or contexts, defies simple generalization.
The dysregulation of TRAF proteins in cancer and a number of
inflammatory diseases, suggests that this is an area that needs
further attention. However, the nuanced role of TRAF proteins
in each context will need to be carefully evaluated before they can
be manipulated therapeutically.
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Structure of TRAF Family: Current
Understanding of Receptor
Recognition

Hyun H. Park*

College of Pharmacy, Chung-Ang University, Seoul, South Korea

Tumor necrosis factor receptor—associated factor (TRAF) proteins are key signaling
molecules that function in various cellular signaling events including immune response,
cell death and survival, development, and thrombosis. Their roles in cellular signaling
are mediated mostly by direct interactions with various receptors via the TRAF domain.
To determine how specific TRAF domains can interact with various receptors with a
limited binding interface and how similar binding interfaces of TRAF family members can
recognize their specific binding partners, extensive structural studies on TRAF family
proteins have been conducted for several decades. In this review, we discuss the
current understanding of the structural and molecular diversity of the TRAF domain and
TRAF-binding motifs in many receptors according to available structural information.

Keywords: inflammation, innate immunity, TRAF family, structure, TRAF domain, protein interaction

INTRODUCTION

Tumor necrosis factor (TNF) receptor-associated factor (TRAF) proteins, which include seven
family members (from TRAF1 to TRAF7) in mammals, are key signaling molecules that can
transduce signals in various types of receptor-mediated cellular signaling, including tumor
necrosis factor receptor (TNF-R), interleukin 1 receptor/Toll-like receptor (TLR), nucleotide-
binding oligomerization domain-like receptor (NLR), RIG-I like receptor (RLR), and even cytokine
receptor family signaling pathways, and play critical roles in the regulation of the immune system
and apoptosis (Supplementary Table 1) (1-4). The main feature of TRAF family proteins (except
for TRAF1) is the homology RING domain at the N terminus; this domain is found in many E3
ubiquitin ligases and constitutes the core of the ubiquitin ligase catalytic domain and is important
for ligase activity (5, 6). Another feature of the members of the TRAF family (except for TRAF7?)
is the presence of a protein-protein interaction domain of ~230 amino acid residues, known as
the TRAF domain, at the C terminus (Figure 1A). The TRAF domain is subdivided into two
distinct subdomains: the TRAF-N domain, which is a coiled-coil domain, and the TRAF-C domain,
which is composed of seven to eight anti-parallel B-strand folds. TRAF family members form a
mushroom-like trimeric structure in solution via the TRAF domain, which is the functional unit of
a TRAF (7, 8).

Depending on composition of this domain, TRAF proteins have two main functions: the
E3 ubiquitin ligase function and scaffolding function. The scaffolding function of TRAF family
members is based mainly on the TRAF domain, which can mediate interactions of various
membrane receptors with diverse downstream effector molecules, primarily protein kinases,
including IRAKs, RIP1, RIP2, TAK1, MEKKI, and ASK1 (9-12) and several ubiquitin ligases
such as members of the cIAP family (13). Although a TRAF is a positive mediator of signaling
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events, the antagonistic roles of TRAFs in TNF-R and TLR
signaling have been reported (8, 14). The E3 ligase activity
of TRAFs has also been intensively studied, and substrates
of each family have been identified (Supplementary Table 2)
(6, 15-18). According to their roles in many critical signaling
pathways, TRAFs are related to many human diseases, including
cancer, autoimmunity, and inflammatory diseases, and have been
suggested as suitable targets for therapeutic intervention (19—
23). Because of their important biological roles, structural studies
on the TRAF family have increased in number. Specifically,
studies have examined how specific TRAF proteins can interact
with various receptors through the limited binding interface
and how the similar binding interfaces of each TRAF family
member can recognize their binding partners. The structures
of the TRAF domain of TRAF2, TRAF3, and TRAF6 and their
receptor complexes were elucidated around year 2000 (24-26),
and those of TRAF1, TRAF4, and TRAF5 and their receptor
complexes were examined recently (27-32). In this review, we
discuss the current understanding of the structural and molecular
diversity of the TRAF domain according to available structural
information.

STRUCTURE OF TRAF FAMILY

The presence of the TRAF domain, a ~180 amino acid protein-
interacting domain, is a distinct feature of TRAF family proteins
and six TRAF proteins (TRAF1-TRAF6) among the seven in the
family, in accordance with this criterion, have been identified
as the TRAF family in mammals (3). The TRAF domain can
be subdivided into two distinct regions: the TRAF-N domain
and TRAF-C domain. Various receptors bind to the TRAF-C
domain, while various intracellular signaling molecules bind to
the TRAF-N domain. Despite the structural similarity of TRAF
domains, each TRAF protein has specific biological functions
with specificity to the interacting partners: upstream receptors
and downstream effector molecules. The structure of the TRAF
domain of TRAF2 was first reported by Dr. Wu’s group around
1999 (24), and the structure of TRAF6’s TRAF domain was
reported 3 years later by the same group (25). Since then, the
structures of the TRAF domain of TRAF3 (27), TRAF5 (27),
TRAF4 (28-30), and TRAF1 (31) have been reported. The TRAF
structures revealed that the TRAF-N domain is a coiled-coil
structure, and TRAF-C is composed of seven to eight anti-parallel
p-sheet folds (Figure 1B). Structural alignment of all six TRAF
family members shows that the TRAF-C domain is well-aligned,
while the location and length of TRAF-N varies among TRAF
family members (Figure 1C). Sequence analysis indicates that
the length of TRAF-N varies in the family, whereas that of the
TRAF-C domain is conserved: the length of TRAF-N of TRAF4
and TRAF6 is relatively shorter, while TRAF3 and TRAF5 are
relatively longer (Supplementary Figure 1).

Although the overall structures are nearly identical, obvious
structural differences have been observed. For example, the
length and position of some loops in the TRAF domain of TRAF4
and TRAF6 differ from those of other TRAF family members
(Figure 1C). Particularly, two loops connecting p5-p6 and f6-87

of the TRAF4 TRAF domain are relatively longer than those of
other TRAFs. The location of the TRAF-N coiled-coil domain
also differs in that it is in the outer layer only in the structure
of TRAF4 (Figure 1C). These slight differences in structure
among the TRAF family members may be responsible for their
functional differences. Characteristics of the electrostatic surface
of the TRAF domain vary within the family, although the TRAF
domains of TRAF1, TRAF2, TRAF3, and TRAF5 have similar
overall features, with mixed positive and negative charges and
several uncharged regions (Figure 1D). TRAF4 contains a more
negatively charged surface in the middle of the receptor-binding
region, whereas TRAF6 contains a more positively charged
surface in the receptor-binding region (Figure 1D). Because
the surface features often determine their mode of interactions
with partners, the similar electrostatic surface of the TRAF
domain among TRAF1, TRAF2, TRAF3, and TRAF5, namely,
diversely charged surfaces, has been shown to be important for
accommodating diverse receptors in the same binding pocket
with similar modes of interaction. In contrast, different features
on the binding surface of functionally different TRAFs, TRAF4,
and TRAF6, indicate that TRAF4 and TRAF6 can accommodate
different receptors with different modes of interactions.

In solution, the TRAF domain forms a stable functionally
important trimer that has a typical mushroom shape; the TRAF-
C domain forms the cap and TRAF-N coiled-coil domain forms
the stalk (7, 31) (Figure 1E). Biochemical and structural analyses
show that many interaction hot spots formed by B3, B4, p6, and
B7 of the TRAF domains participate in the receptor interaction
(Figure 1E). On the basis of the available structures of the
trimeric TRAF domain, zinc-finger domain, and RING domain,
a reconstituted full-length TRAF structure has been modeled
(Figure 1F). Because there is no evidence of self-association
between the zinc-finger domains or RING domains in the TRAF
family, the C-terminal TRAF domain, which interacts with
trimeric active receptors, forms a functional trimer, while the N-
terminal RING domain and zinc-finger domain remain flexible
(Figure 1F). In this regard, the length of the whole TRAF may be
approximately 300A and the shape is a long rod that is open at
one end and closed at the opposite end.

RECEPTOR RECOGNITION BY TRAFs

TRAF family members interact with various receptors and
intracellular proteins, including CD40, CD30, Ox40, TRADD,
LMP1, TNFR2, RANK, IRAK, RIP2, GPIb, GPVI, and TANK,
during specific signaling events. The initial structural and
biochemical studies on TRAFs (particularly TRAF2 and TRAF3)
and their interacting receptors have revealed that for such
interactions, TRAFs use three regions, known as binding hot
spots: Hot spot 1, also known as the hydrophobic pocket, is
composed of residues from P4, p5, 6, and B7. Hot spot 2,
also known as the serine finger, is composed of three serine
residues (one serine residue is replaced by alanine in TRAF1)
from 6 and the loop connecting f6 and B7. Hot spot 3, also
known as the polar pocket, is composed of polar residues from
B3 and the loop connecting B3 and P4 (24, 25, 33, 34). The
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FIGURE 1 | Structure of the TRAF family. (A) The domain boundary in TRAF family members. (B) A cartoon of the monomeric TRAF domain. The representative TRAF
domain of TRAF1 is used to show the overall structure of this domain. The chain from the N to C terminus is colored blue to red. Secondary structures including
helices and sheets are labeled. (C) Superposition of the structures of the TRAF domain. (D) Electrostatic surface representation of the TRAF domain in the TRAF
family. PyMol (https://www.pymol.org/) was used to compute qualitative surface electrostatic potential. The receptor-binding region in a TRAF family member is
indicated by the black dotted circle. (E) A cartoon of the trimeric TRAF domain. Different chains are shown separately in different colors. The top view (upper panel)
and side view (lower panel) are presented. The asterisks indicate the receptor-binding region. (F) A model of the full-length structure of TRAF family members.

residues in these three hot spots of TRAF1, TRAF2, TRAF3,
and TRAF5 are conserved, indicating that these TRAFs share
receptor specificity via similar interaction modes (Figure 2A).
The residues of TRAF4 and TRAF6 in the three binding hot
spots of typical TRAFs are not conserved although several
residues in hot spot 1 are conserved, indicating that TRAF4
and TRAF6 are unique and do not share binding mode and
specificity to their receptors with typical TRAF family members
(Figure 2A). Current available structures of TARF family with
receptor peptides are listed at (Supplementary Table 3).

TRAF1, TRAF2, TRAF3, and TRAF5

The typical binding hot spots and modes of interaction of
TRAF family members have been well-studied for TRAF2
and TRAF3. The minimal consensus motif in TRAF-binding
proteins, including TNE-R family members, CD30, CD40, Ox40,
and LMP1, for TRAF2 and TRAF3 interaction is Px(Q or E)E#
[x: any amino acid, #: acidic or polar amino acids are favored]
(Figure 2B). Initial structural research on TRAF2 in complex
with various peptides revealed the most conserved amino acid

in the TRAF-binding motif to be Py, or the zero position of the
TRAF-binding motif. Based on this labeling strategy, residues of
the Px(Q or E)E motif were named as P (P_;), x (P_1), Q or
E (Py), E (Py), and # (P2). For CDA40, residues of the TRAF2-
binding motif were named as P (P_;), V (P_;), Q (Py), E (Py),
T (P2), and L (P3) (Figure 2B). To accommodate the Px(Q or
E)E motif, hot spot 1-forming residues (F410, L432, F447, F456,
and C469) in TRAF2 make extensive van der Waal contacts with
P at the P_, site. The major structural determinant of Q or E
at the Py position interacts with residues in hot spot 2 (serine
triad, S453, S454, and S455 in TRAF2). Q at position Py forms
hydrogen bonds with all three serine residues, while E at the
Py position can form only one hydrogen bond. The carboxylate
moiety of the Glu residue at position P; engages in an ion-pair
interaction with the side chain guanidinium group of R393 and
forms a hydrogen bond with Y395 in TRAF2. All residues that
are critical for the interaction with the Px(Q or E)E motif are
completely conserved in TRAF1, TRAF3, and TRAF5, except
that one serine residue in the serine triad is replaced by alanine
in TRAF1 (A369), indicating that TRAF1, TRAF2, TRAF3, and
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Y310 Y395 Y460 Y447 F351 H394

D314 D399 D464 D451 N3S5  P398 (D40  248-257 AAPVQETLHG LMP1 201-213 PHPQQATDDS
(D30 559-568 HYPEQETEPP TANK 178-187 SVPIQCTDKT
0x40 260-269 RTPIQEEQAD TRAF1,2,3,5  PxQ(E)xxD
D E TRAF1,2,3,5 PxQ(E)E PXQXT

\ TRAF2/CD40
=== TRAF3/TANK
GPIb 381-390 RRLRARARAR RANK 342-349 QMPTEDEY === TRAF4/GPIDB
GPVI 296-305 KRLRHRGRAV IRAK 583-590 NQPVESDE == TRAF6/RANK
TGFBR1 481-490 ARLTALRIKK RIP2 192-198 YMPPENYE
TRAF4 RLXA TRAF6 PxExx*(aromatic or acidic)

FIGURE 2 | The TRAF-binding motif identified by structures of TRAF-receptor complexes. (A) Receptor-binding hot spots and conserved amino acid residues (in
TRAF1, —2, —3, and —5) that are involved in the interaction with various receptors. The amino acid residues in TRAF4 and —6 that are not conserved are colored in
red. (B-E) Detailed TRAF-receptor interaction. Close-up view of a CD40 peptide bound to TRAF2 (B), a TANK peptide bound to TRAF3 (C), a GPIbg peptide bound
to TRAF4 (D), and a RANK peptide bound to TRAF6 (E). Red dotted lines and black dotted lines indicate salt bridges and H-bonds, respectively. Amino acid positions
of the peptide labeled as P_4-P3 are shown. TRAF-binding motifs are shown. (F) Structural comparison of the TRAF-receptor peptide complex by superposition
analysis.

TRAF5 share the same mode of interaction involving the Px(Q  alternative minor TRAF1, —2, —3, and 5-binding motif. In the
or E)E motif. PxQxT motif, T (P,) interacts with the conserved aspartic acid
In addition to this major TRAF-binding motif [Px(Q or E)E  residue (D314 in TRAF1 and D464 in TRAF3), whereas the
motif], the minor motif [Px(Q/E)xxD motif] has been identified  interaction modes of P (P_;) and Q (Py) are similar to those of
in several structural studies including the TRAF2-LMP1 (33)  the major binding motif. Additionally, D in the minor consensus
and TRAF3-TANK (35) complexes. Therefore, two minimal  motif PxQxxD is not important for the interaction with TRAF.
consensus motifs for binding to TRAF1, —2, —3, and —5, i.e,,  The recently solved TRAF1-TANK (SVPIQCTDKT) structure
Px(Q/E)E as a major motif and Px(Q/E)xxD as a minor motif, revealed sequence PxQxT as the TRAF1-binding motif (37). In
have been identified. In the Px(Q/E)xxD motif, the side chains this case, Q at the Py position forms a hydrogen bond with S368
of the residues at positions P_,, Py, and P3 are critical for the = of TRAF1. C and T at positions P; and P,, respectively, form
TRAF interaction, unlike the major binding motif, where the side ~ hydrogen bonds with D314 of TRAF1.
chains of residues at positions P_,, Py, and P; participate in the
interaction (Figure 2C). Several modified interactions involving TRAF4
the minor motif have been reported in structural studies on ~ The TRAF4 structure was determined around the year 2013 by
TRAF3 in complex with various receptors, including CD40 (26),  three research groups (28-30). On the basis of these structural
LMP1 (36), and TANK (35) and the most recently solved TRAF1-  studies, TRAF4 was identified as a lipid-binding protein that can
TANK complex (37). In this case, the side chains of the P_;,  modulate tight junctions involved in cell migration; abnormal
Pg, and P, positions are involved in the TRAF interaction.  overexpression of TRAF4 can induce carcinomas by affecting
The conserved amino acid residues at positions P_5, Pg, and  cell migration (29). In 2017, the TRAF4-binding motif was
P, are P at P_5, Q or E at Py, and T at the P, position, characterized in a study on a TRAF4-receptor complex (32).
forming the PxQxT consensus motif, which is considered an ~ TRAF4 functions as an adaptor signaling molecule in platelet
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receptor-mediated production of reactive oxygen species by
directly interacting with two platelet receptors: GPIb-IX-V and
GPVI (38); peptides derived from these two platelet receptors
have been used to analyze the TRAF4-receptor complex. The
structure of the TRAF4-GPIbp peptide complex has been solved
by characterizing TRAF4 behavior and the TRAF4-platelet
receptor interaction. If we use the same nomenclature, which
denotes the most conserved amino acid position in the TRAF-
binding motif as Py, or the zero position of the TRAF-binding
motif, in the bound peptide from GPIbf receptor, the residues
in the RLRAR motif are named as R (P_;), L (Pg), R (Py),
A (P;), and R (P3) (Figure 2D). Although L (Py) is the most
conserved amino acid position in the TRAF4-binding motif,
more appropriate names for residues in the TRAF4-binding
motif RLRAR are R (P_3), L (P_;), R (P_1), A (Py), and
R (Py) according to previously identified receptor-binding hot
spots (this notation is used hereafter). The first structure of
a receptor complex of TRAF4 indicates that the side chains
of R (P_3), L (P_3), A (Py), and R (P;) in GPIbP receptor
are involved in the TRAF4 interaction. The two hydrophobic
pockets, major and minor, on the surface of TRAF4 are critical
for its mode of receptor binding that is different from that of
other TRAF family members. The major hydrophobic interaction
is formed by L at P_, of the GPIbp peptide with F408, Y436, and
F434 from TRAF4 and the second minor hydrophobic pocket
is formed by A at Py of GPIbp with W414 and F434 from
TRAF4 (Figure 2D). R at the P_3 position and another R at
the Py position form a hydrogen bond with the side chains
of E406 and N355, respectively, from TRAF4. After further
mutagenesis and interaction analyses using various peptides
derived from putative TRAF4-binding receptors, the Arg-Leu
motif at positions P_3 and P_, was identified as crucial for the
TRAF4 interaction, and the Ala residue at position Py influences
affinity. Replacement of Ala at position Py with His (GPVI
peptide) or Gly (TGF-B receptor 2 peptides) reduces the binding
affinity for TRAF4, and replacement with Arg (NOD2 peptide)
abrogates the interaction. This structural study estimated the
TRAF4-binding motif for P_3 to Py as Arg-Leu-X-Ala, where
X can be any amino acid and Ala can be replaced by a small
uncharged residue.

TRAF6

The mode of interaction of TRAF6 with receptors is unique
among TRAF family members and has been revealed by three
available structures of complexes including TRAF6-CD40 (25),
TRAF6-RANK (25), and TRAF6-MAVS (39). The TRAF6-
binding motif is six amino acid residues in length, and the
sequence is PxExxZ (x: any amino acid, Z: acidic or aromatic
amino acid). Small hydrophobic resides can replace P. In
accordance with the typical labeling system, the nomenclature
of this motif is P (P_;), x (P_1), E (Py), x (P_1), x (P_3),
and Z (P_3). The residues E235 of CD40, E346 of RANK,
and E457 of MAVS have been designated as the Py position
of TRAF6-binding peptides. The receptor peptide residues
corresponding to positions P_4 to P3 of CD40, RANK, and
MAVS directly interact with TRAF6. Among the peptide residues,
specific side chains of residues at P_;, Py, and P3; are the

greatest contributors to these interactions. As observed in
other TRAF family members, F471 and Y473 of TRAF6 form
a hydrophobic pocket to accommodate the P residue at the
P_, position (Figure 2E). Possible replacement of P residue
to A residue at P_, position was studied by mutagenesis
on CD40 (25). Because of the absence of the typical serine
triad in TRAF6, E at position Py in the receptor employs
quite a different interaction strategy for incorporation into
TRAF6. The carboxylate of E at the Py position forms hydrogen
bonds with the main chain amide nitrogen atoms of L457 and
A458 and engages in an electrostatic interaction with the side
chain of K469 (Figure 2E). This P interaction is also different
from the TRAF4-binding motif in that TRAF4 uses a shallow
hydrophobic pocket to bind to A at the Py position of the receptor
peptide. The residue at position P3 in CD40 (F238) and RANK
(Y349) is adjacent to several aromatic and basic residues of
TRAF®6, including R392, forming an amino-aromatic interaction
(Figure 2E).

CONCLUDING REMARKS

Despite the structural similarity of TRAF family members,
each TRAF has specific biological functions with specificity
to interacting partners: upstream receptors and downstream
effector molecules. Because of the critical participation of
the TRAF family in various signaling events, functional and
structural analyses of these proteins have been conducted for
several decades. Intensive studies have revealed that proteins of
the TRAF family, except for TRAF7, contain a conserved TRAF
domain at the C terminus, which mediates their interaction
with upstream receptors and downstream effectors (3). Despite
the structural similarity of the TRAF domain within the TRAF
family, each domain of each TRAF protein is specific to
interacting upstream receptors. In this review, we summarized
the current understanding of TRAF-binding motifs of many
receptors by examining the structures of all six TRAF family
members and complexes of each TRAF with various receptors
including recently characterized complexes TRAF4-GPIb (32),
TRAFI-TANK (37), TRAF3-Cardif (27), and TRAF6-MAVS
(39). Because the sequences of binding hot spots are conserved
in TRAF1, —2, —3, and —5, they share the same binding
consensus motifs, namely, one major motif, Px(Q/E)E, and two
minor motifs: Px(Q/E)xxD, and Px(Q/E)xT. Although possessing
nearly identical receptor binding motifs on TRAF2, —3, and
—5, recent deep mutational scanning study with TRAF-peptide
ligands showed key differences in binding preference. TRAF2,
—3, and —5 have a binding preferences on CD40 and TANK
with different affinity (40). The recently determined structure
of TRAF4 in complex with its receptor GPIbP revealed a
novel mode of binding, which is consistent with the recently
discovered receptor specificity of TRAF4, where nonconserved
amino acid residues are critical for the interaction with various
receptors. The TRAF4-binding motif is R (P_3), L (P_3), x,
and A (Pp) [RLxA motif], where x can be any amino acid
and Ala can be replaced with a small uncharged residue. The
TRAF domain of TRAF6 binds specifically to the consensus
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TRAF6-binding motif: PxExxZ (Z: an acidic or aromatic
residue).

In conclusion, specificity of TRAFs can be mediated by
different organization of binding hot spots. TRAF1, —2, —3,
and —5, however, share various common receptors because
of almost completely conserved binding hot spots. TRAF4
and TRAF6 are unique member of the TRAF family and
have amino acid residues at the receptor-binding site that are
completely different from those of other family members. As
for the receptor interaction interface of TRAF4, the lower part
of the receptor peptide (P;) binds to TRAF4 at a position
similar to that of receptor peptides that bind to TRAF2 and
TRAF3, whereas the upper part (P_,, and P_;) is far away
from the receptor peptide-binding site in TRAF2 and TRAF3
(Figure 2F). Compared to the receptor-binding site of TRAF®6,
the receptor-binding sites of TRAF1, —2, —3, —4, and —5 do
not overlap with the RANK peptide, which binds to TRAF6.
Nonetheless, the P_,-binding pocket of TRAF6 is similar to
that of other TRAFs, indicating that the region of receptor
association in TRAF6 is slightly different from that of other
TRAFs (Figure 2F). Because of the similarities and differences in
the binding hot spots among TRAF family members, they can

REFERENCES

1. Inoue J, Ishida T, Tsukamoto N, Kobayashi N, Naito A, Azuma S, et al.
Tumor necrosis factor receptor-associated factor (TRAF) family: adapter
proteins that mediate cytokine signaling. Exp Cell Res. (2000) 254:14-24.
doi: 10.1006/excr.1999.4733

2. Bradley JR, Pober JS. Tumor necrosis factor receptor-associated factors
(TRAFs). Oncogene (2001) 20:6482-91. doi: 10.1038/sj.0nc.1204788

3. ChungJY, Park YC, Ye H, Wu H. All TRAFs are not created equal: common
and distinct molecular mechanisms of TRAF-mediated signal transduction. J
Cell Sci. (2002) 115(Pt 4):679-88.

4. So T, Nagashima H, Ishii N. TNF receptor-associated factor (TRAF) signaling
network in CD4(4) T-lymphocytes. Tohoku ] Exp Med. (2015) 236:139-54.
doi: 10.1620/tjem.236.139

5. Deshaies RJ, Joazeiro CA. RING domain E3 ubiquitin ligases.
Annu  Rev  Biochem. (2009) 78:399-434. doi: 10.1146/annurev.
biochem.78.101807.093809

6. Yang XD, Sun SC. Targeting signaling factors for degradation, an
emerging mechanism for TRAF functions. Immunol Rev. (2015) 266:56-71.
doi: 10.1111/imr.12311

7. Rothe M, Wong SC, Henzel W], Goeddel DV. A novel family of
putative signal transducers associated with the cytoplasmic domain of
the 75 kDa tumor necrosis factor receptor. Cell (1994) 78:681-92.
doi: 10.1016/0092-8674(94)90532-0

8. Zapata JM, Pawlowski K, Haas E, Ware CFE, Godzik A, Reed JC. A diverse
family of proteins containing tumor necrosis factor receptor- associated factor
domains. ] Biol Chem. (2001) 276:24242-52. doi: 10.1074/jbc.M100354200

9. Hsu H, Huang ], Shu HB, Baichwal V, Goeddel DV. TNEF-dependent

recruitment of the protein kinase RIP to the TNF receptor-1 signaling

complex. Immunity (1996) 4:387-96. doi: 10.1016/S1074-7613(00)80252-6

Song HY, Regnier CH, Kirschning CJ], Goeddel DV, Rothe M. Tumor

necrosis factor (TNF)-mediated kinase cascades: bifurcation of nuclear

factor-kappaB and c-jun N-terminal kinase (JNK/SAPK) pathways at TNF

receptor-associated factor 2. Proc Natl Acad Sci USA. (1997) 94:9792-6.

doi: 10.1073/pnas.94.18.9792

Arch RH, Gedrich RW, Thompson CB. Tumor necrosis factor receptor-

associated factors (TRAFs) - a family of adapter proteins that regulates life

and death. Genes Dev. (1998) 12:2821-30. doi: 10.1101/gad.12.18.2821

10.

11.

sometimes share receptors or select unique receptors in various
important signaling pathways.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
approved it for publication.

FUNDING

This study was supported by the Basic Science Research Program
through the National Research Foundation of Korea (NRF)
of the Ministry of Education, Science and Technology (NRF-
2018R1A2B2003635 and NRF-2017M3A9D8062960) and a grant
from the Korea Healthcare Technology R&D Project, Ministry of
Health & Welfare, Republic of Korea (HI17C0155).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.01999/full#supplementary-material

Hoeflich KP, Yeh WC, Yao Z, Mak TW, Woodgett JR. Mediation of TNF
receptor-associated factor effector functions by apoptosis signal-regulating
kinase-1 (ASK1). Oncogene (1999) 18:5814-20. doi: 10.1038/sj.0onc.1202975
Song HY, Rothe M, Goeddel DV. The tumor necrosis factor-inducible
zinc finger protein A20 interacts with TRAF1/TRAF2 and inhibits
NF-kappaB activation. Proc Natl Acad Sci USA. (1996) 93:6721-5.
doi: 10.1073/pnas.93.13.6721

. Ye X, Mehlen P, Rabizadeh S, VanArsdale T, Zhang H, Shin H, et al
TRAF family proteins interact with the common neurotrophin receptor
and modulate apoptosis induction. ] Biol Chem. (1999) 274:30202-8.
doi: 10.1074/jbc.274.42.30202

Vallabhapurapu S, Matsuzawa A, Zhang W, Tseng PH, Keats JJ, Wang
H, et al. Nonredundant and complementary functions of TRAF2 and
TRAF3 in a ubiquitination cascade that activates NIK-dependent alternative
NF-kappaB signaling. Nat Immunol. (2008) 9:1364-70. doi: 10.1038/ni
.1678

Alvarez SE, Harikumar KB, Hait NC, Allegood ], Strub GM, Kim EY, et al.
Sphingosine-1-phosphate is a missing cofactor for the E3 ubiquitin ligase
TRAF2. Nature (2010) 465:1084-8. doi: 10.1038/nature09128

Hacker H, Tseng PH, Karin M. Expanding TRAF function: TRAF3
as a tri-faced immune regulator. Nat Rev Immunol. (2011) 11:457-68.
doi: 10.1038/nri2998

Mu Y, Sundar R, Thakur N, Ekman M, Gudey SK, Yakymovych M,
et al. TRAF6 ubiquitinates TGFbeta type I receptor to promote its
cleavage and nuclear translocation in cancer. Nat Commun. (2011) 2:330.
doi: 10.1038/ncomms1332

Zapata JM, Lefebvre S, Reed JC. Targeting TRAfs for therapeutic intervention.
Adv Exp Med Biol. (2007) 597:188-201. doi: 10.1007/978-0-387-70630-615
Arthur JE Shen Y, Gardiner EE, Coleman L, Murphy D, Kenny D, et al.
TNF receptor-associated factor 4 (TRAF4) is a novel binding partner of
glycoprotein Ib and glycoprotein VI in human platelets. ] Thromb Haemost.
(2011) 9:163-72. doi: 10.1111/j.1538-7836.2010.04091.x

Starczynowski DT, Lockwood WW, Delehouzee S, Chari R, Wegrzyn J,
Fuller M, et al. TRAF6 is an amplified oncogene bridging the RAS and NF-
kappaB pathways in human lung cancer. J Clin Invest. (2011) 121:4095-105.
doi: 10.1172/JCI58818

Xie P. TRAF molecules in cell signaling and in human diseases. ] Mol Signal.
(2013) 8:7. doi: 10.1186/1750-2187-8-7

20.

21.

22.

Frontiers in Immunology | www.frontiersin.org

13

August 2018 | Volume 9 | Article 1999


https://www.frontiersin.org/articles/10.3389/fimmu.2018.01999/full#supplementary-material
https://doi.org/10.1006/excr.1999.4733
https://doi.org/10.1038/sj.onc.1204788
https://doi.org/10.1620/tjem.236.139
https://doi.org/10.1146/annurev.biochem.78.101807.093809
https://doi.org/10.1111/imr.12311
https://doi.org/10.1016/0092-8674(94)90532-0
https://doi.org/10.1074/jbc.M100354200
https://doi.org/10.1016/S1074-7613(00)80252-6
https://doi.org/10.1073/pnas.94.18.9792
https://doi.org/10.1101/gad.12.18.2821
https://doi.org/10.1038/sj.onc.1202975
https://doi.org/10.1073/pnas.93.13.6721
https://doi.org/10.1074/jbc.274.42.30202
https://doi.org/10.1038/ni.1678
https://doi.org/10.1038/nature09128
https://doi.org/10.1038/nri2998
https://doi.org/10.1038/ncomms1332
https://doi.org/10.1007/978-0-387-70630-615
https://doi.org/10.1111/j.1538-7836.2010.04091.x
https://doi.org/10.1172/JCI58818
https://doi.org/10.1186/1750-2187-8-7
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Park Structure of TRAF Family
23. Zhang L, Zhou E Garcia de Vinuesa A, de Kruijf EM, Mesker WE, Hui L, 34. Park YC, Ye H, Hsia C, Segal D, Rich RL, Liou H-L, et al. A novel

et al. TRAF4 promotes TGF-beta receptor signaling and drives breast cancer mechanism of TRAF signaling revealed by structural and functional

metastasis. Mol Cell. (2013) 51:559-72. doi: 10.1016/j.molcel.2013.07.014 analyses of the TRADD-TRAF2 interaction. Cell (2000) 101:777-87.
24. Park YC, Burkitt V, Villa AR, Tong L, Wu H. Structural basis for self- doi: 10.1016/S0092-8674(00)80889-2

association and receptor recognition of human TRAF2. Nature (1999) 35. Li C, Ni CZ, Havert ML, Cabezas E, He J, Kaiser D, et al. Downstream

398:533-8. doi: 10.1038/19110 regulator TANK binds to the CD40 recognition site on TRAF3. Structure
25. Ye H, Arron JR, Lamothe B, Cirilli M, Kobayashi T, Shevde NK, et al. (2002) 10:403-11. doi: 10.1016/S0969-2126(02)00733-5

Distinct molecular mechanism for initiating TRAF6 signalling. Nature (2002) 36. Wu S, Xie P, Welsh K, Li C, Ni CZ, Zhu X, et al. LMP1 protein from

418:443-7. doi: 10.1038/nature00888 the Epstein-Barr virus is a structural CD40 decoy in B lymphocytes for
26. Ni CZ, Welsh K, Leo E, Chiou CK, Wu H, Reed JC, et al. Molecular basis binding to TRAF3. ] Biol Chem. (2005) 280:33620-6. doi: 10.1074/jbc.M5025

for CD40 signaling mediated by TRAF3. Proc Natl Acad Sci USA. (2000) 11200

97:10395-9. doi: 10.1073/pnas.97.19.10395 37. Kim CM, Jeong JH, Son Y], Choi JH, Kim S, Park HH. Molecular
27. Zhang P, Reichardt A, Liang HH, Aliyari R, Cheng D, Wang YY, basis for TANK recognition by TRAF1 revealed by the crystal

et al. Single amino acid substitutions confer the antiviral activity of the structure of TRAF1/TANK complex. FEBS Lett. (2017) 591:810-21.

TRAF3 adaptor protein onto TRAF5. Science Signal. (2012) 5:2003152. doi: 10.1002/1873-3468.12584

doi: 10.1126/scisignal 2003152 38. Mackman N. Triggers, targets and treatments for thrombosis. Nature (2008)
28. Niu E Ru H, Ding W, Ouyang S, Liu ZJ. Structural biology study of human 451:914-8. doi: 10.1038/nature06797

TNF receptor associated factor 4 TRAF domain. Protein Cell (2013) 4:687-94. 39. Shi Z, Zhang Z, Zhang Z, Wang Y, Li C, Wang X, et al. Structural

doi: 10.1007/s13238-013-3068-z Insights into mitochondrial antiviral signaling protein (MAVS)-
29. Rousseau A, McEwen AG, Poussin-Courmontagne P, Rognan D, Nomine Y, tumor  necrosis factor  receptor-associated factor 6 (TRAF6)

Rio MG, et al. TRAF4 is a novel phosphoinositide-binding protein modulating signaling. ] Biol Chem. (2015) 290:26811-20. doi: 10.1074/jbc.M115.6

tight junctions and favoring cell migration. PLoS Biol. (2013) 11:¢1001726. 66578

doi: 10.1371/journal.pbio.1001726 40. Foight GW, Keating AE. Comparison of the peptide binding

30.

31.

32.

33.

Yoon JH, Cho YJ, Park HH. Structure of the TRAF4 TRAF domain
with a coiled-coil domain and its implications for the TRAF4 signalling
pathway. Acta Crystallogr D Biol Crystallogr (2014) 70(Pt 1):2-10.
doi: 10.1107/5139900471302333X

Kim CM, Choi JY, Bhat EA, Jeong JH, Son YJ, Kim S, et al. Crystal
structure of TRAFI TRAF domain and its implications in the TRAFI-
mediated intracellular signaling pathway. Sci Rep. (2016) 6:25526.
doi: 10.1038/srep25526

Kim CM, Son YJ, Kim S, Kim SY, Park HH. Molecular basis for unique
specificity of human TRAF4 for platelets GPIbbeta and GPVI. Proc Natl Acad
Sci USA. (2017) 114:11422-7. doi: 10.1073/pnas.1708688114

Ye H, Park YC, Kreishman M, Kieff E, Wu H. The structural basis for
the recognition of diverse receptor sequences by TRAF2. Mol Cell (1999)
4:321-30. doi: 10.1016/51097-2765(00)80334-2

preferences of three closely related TRAF paralogs: TRAF2, TRAF3,
and TRAF5. Protein Sci. (2016) 25:1273-89. doi:  10.1002/pro.
2881

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Park. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Fron

tiers in Immunology | www.frontiersin.org

14

August 2018 | Volume 9 | Article 1999


https://doi.org/10.1016/j.molcel.2013.07.014
https://doi.org/10.1038/19110
https://doi.org/10.1038/nature00888
https://doi.org/10.1073/pnas.97.19.10395
https://doi.org/10.1126/scisignal.2003152
https://doi.org/10.1007/s13238-013-3068-z
https://doi.org/10.1371/journal.pbio.1001726
https://doi.org/10.1107/S139900471302333X
https://doi.org/10.1038/srep25526
https://doi.org/10.1073/pnas.1708688114
https://doi.org/10.1016/S1097-2765(00)80334-2
https://doi.org/10.1016/S0092-8674(00)80889-2
https://doi.org/10.1016/S0969-2126(02)00733-5
https://doi.org/10.1074/jbc.M502511200
https://doi.org/10.1002/1873-3468.12584
https://doi.org/10.1038/nature06797
https://doi.org/10.1074/jbc.M115.666578
https://doi.org/10.1002/pro.2881
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

',\' frontiers
in Immunology

REVIEW
published: 09 August 2018
doi: 10.3389/fimmu.2018.01849

OPEN ACCESS

Edited by:
Gail Abendroth Bishop,
University of lowa, United States

Reviewed by:

Hasem Habelhah,
University of lowa,
United States

Ping Xie,

Rutgers University, The State
University of New Jersey,
United States

Weizhou Zhang,
University of lowa,
United States

*Correspondence:
Shao-Cong Sun
ssun@mdanderson.org

Specialty section:

This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

Received: 25 June 2018
Accepted: 26 July 2018
Published: 09 August 2018

Citation:

Shi J-H and Sun S-C (2018) Tumor
Necrosis Factor Receptor-Associated
Factor Regulation of Nuclear Factor
kB and Mitogen-Activated

Protein Kinase Pathways.

Front. Immunol. 9:1849.

doi: 10.3389/fimmu.2018.01849

®

Check for
updates

Tumor Necrosis Factor
Receptor-Associated Factor
Regulation of Nuclear Factor kB
and Mitogen-Activated Protein
Kinase Pathways

Jian-Hong Shi" and Shao-Cong Sun®*

' Central Laboratory, Affiliated Hospital of Hebei University, Baoding, China, ? Department of Immunology, The University of
Texas MD Anderson Cancer Center, Houston, TX, United States

Tumor necrosis factor receptor (TNFR)-associated factors (TRAFs) are a family of
structurally related proteins that transduces signals from members of TNFR superfamily
and various other immune receptors. Major downstream signaling events mediated
by the TRAF molecules include activation of the transcription factor nuclear factor kB
(NF-xB) and the mitogen-activated protein kinases (MAPKSs). In addition, some TRAF
family members, particularly TRAF2 and TRAF3, serve as negative regulators of specific
signaling pathways, such as the noncanonical NF-xB and proinflammatory toll-like
receptor pathways. Thus, TRAFs possess important and complex signaling functions in
the immune system and play an important role in regulating immune and inflammatory
responses. This review will focus on the role of TRAF proteins in the regulation of NF-kB
and MAPK signaling pathways.

Keywords: tumor necrosis factor receptor-associated factor, nuclear factor kB, mitogen-activated protein
kinases, toll-like receptors, tumor necrosis factor receptors, inflammation

INTRODUCTION

Tumor necrosis factor receptor (TNFR)-associated factors (TRAFs) form a family of intracellular
signaling molecules, which in mammalian cells includes six typical members (TRAF1-6) and an
atypical member (TRAF7) (1, 2). The typical TRAF members share a similar secondary structure,
including a homologous C-terminal domain termed TRAF domain and various numbers of zinc
fingers. In addition, all TRAF members, except TRAFI, contain a RING domain located in the

Abbreviations: TNFR, tumor necrosis factor receptor; TRAF, tumor necrosis factor receptor-associated factor; NF-kB, nuclear
factor kB; IkB, inhibitory B; IKK, IkB kinase; TAKI, transforming growth factor beta-activated kinase 1; NIK, NF-kB-
inducing kinase; BAFFR, BAFF receptor; LTPR, lymphotoxin f receptor; ERK, extracellular signal-regulated kinase; JNK,
c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MKK, MAPK kinase; MAP3K, MAPK kinase kinase; PRR,
pattern-recognition receptor; TLR, toll-like receptor; NZF, Npl4 Zinc Finger; IL-1R, IL-1 receptor; IRAK, IL-1R-associated
kinase; RANK, receptor activator of nuclear factor kappa-B; MAVS, mitochondrial antiviral signaling protein; MYSM1, myb-
like SWIRM and MPN domain 1; NLR, NOD-like receptor; TRADD, TNF receptor-associated death domain; RIP1, receptor-
interacting protein kinase 1; S1P, sphingosine-1-phosphate; SphK1, sphingosine kinase 1; DSS, dextran sodium sulfate; IBD,
inflammatory bowel disease; CNS, central nervous system; EAE, experimental autoimmune encephalomyelitis; NDR1, Nuclear
Dbf2-related kinase 1; IRF5, interferon regulatory factor 5.
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N-terminal region. The TRAF domain mediates oligomerization
of TRAF proteins as well as their association with upstream recep-
tors or adaptors and downstream effector proteins (1). The RING
domain is best known for its function to mediate protein ubiquit-
ination in a large family of E3 ubiquitinase ligases (3). TRAF6is a
well-characterized E3 ligase that specifically conjugates lysine (K)
63-linked polyubiquitin chains (4). Several other TRAF proteins,
TRAF2, TRAF3, and TRAF5, have also been shown to possess
K63-specific E3 functions, although the physiological function
of their E3 activity is less well defined (1, 2, 5).

Originally identified as signaling adaptors of TNFR2 (6), the
TRAF molecules are now known to mediate signal transduc-
tion from a large variety of immune receptors, including TNFR
superfamily members and other cytokine receptors, pattern-
recognition receptors (PRRs), and antigen receptors (1, 2). Among
the major downstream pathways regulated by TRAFs are those
leading to activation of the nuclear factor kB (NF-xB) and
mitogen-activated protein kinases (MAPKs), which are in turn
important for induction of genes associated with innate immu-
nity, inflammation, and cell survival (7, 8). In addition to these
classical functions, novel functions of TRAFs have also been
discovered in recent studies. In particular, some TRAF proteins,
including TRAF2 and TRAF3, function as negative regulators in
some signaling pathways involved in the survival of B cells and
inflammatory responses of innate immune cells (9). This review
will focus on the role of TRAFs in the regulation of NF-xB and
MAPK signaling pathways.

NF-xB AND MAPK PATHWAYS
NF-xB Pathways

Nuclear factor kB is a family of inducible transcription factors
that regulate multiple biological processes, including immune
and inflammatory responses, cell growth and survival, and
oncogenesis (8, 10, 11). Mammalian NF-xB family includes five
structurally related members, RelA, RelB, c-Rel, NF-kB1 p50, and
NF-xB2 p52, which bind to a conserved DNA element (kB) as
various homo- and hetero-dimers in the promoter or enhancer
regions of target genes (10). NF-kBs are normally sequestered
in the cytoplasm as inactive complexes bound by a family of
inhibitory proteins, inhibitory kBs (IkBs), which includes IxBa,
IxBp, and several other structurally related proteins character-
ized by the presence of an ankyrin-repeat domain mediating
binding and inhibition of NF-«Bs (10). NF-kB1 and NF-kB2 are
produced as precursor proteins, p105 and p100, both of which
contain an IkB-like C-terminal portion and function as IxB-like
molecules (12, 13). These precursor proteins can be processed
by the proteasome, which involves selective degradation of the
IxB-like C-terminal portion, thereby producing mature NF-kB
p50 and p52, respectively, and disrupting their IkB-like function.
During its translation, about half amount of p105 is constitutively
processed for p50 production, whereas the remaining p105
functions as an IkB to regulate nuclear translocation of different
NEF-kB members, including p50, RelA, and c-Rel (13-16). In con-
trast to the processing of p105, the processing of p100 is tightly
controlled and occurs in a signal-inducible manner (17).

Two major signaling pathways, the canonical and noncanoni-
cal pathways, mediate activation of the NF-xB members (18).
The canonical pathway is based on signal-induced degradation
of IkBs, particularly IxBa, which triggers nuclear translocation
of p50-containing NF-kB complexes, particularly p50/RelA and
p50/c-Rel heterodimers. This pathway relies on activation of a
trimeric IkB kinase (IKK) complex, composed of two catalytic
subunits, IKKa and IKK, and a regulatory subunit, NF-«B essen-
tial modulator (NEMO) (also called IKKy). Activation of IKK is
typically mediated by transforming growth factor beta-activated
kinase 1 (TAK1), a MAPK kinase kinase (MAP3K) that responds
to various immune receptor signals and relies on ubiquitination
for its catalytic activation and signaling function (19, 20). TAK1
deficiency severely attenuates, although does not completely
block, IL-1- and TNFa-induced NF-xB activation (21). Another
MAP3K, MEKK3, is also involved in NF-kB activation by differ-
ent inducers, such as TNFa and IL-1 (22-27). A characteristic of
the canonical NF-«B signaling pathway is its rapid and transient
kinetics, which is important for preventing deregulated NF-«xB
functions. The canonical NF-kB pathway plays an important
role in regulating diverse immune functions, including innate
immunity and inflammation, lymphocyte activation and differ-
entiation, as well as immune tolerance (8, 28).

The noncanonical NF-kB pathway is based on the processing
of the NF-kB2 precursor protein p100, which is triggered through
site-specific phosphorylation in its C-terminal serine residues
(17). This pathway is independent of TAKI and the trimeric
IKK complex but requires NF-kB-inducing kinase (NIK) and
its downstream kinase IKKa (17, 18, 29). Unlike the canonical
NEF-kB pathway, which responds to signals from a large variety of
immune receptors, the noncanonical NF-kB pathway selectively
responds to a subset of TNFR superfamily members, including
CD40, BAFF receptor, lymphotoxin f receptor (LTBR), RANK,
TNFR2, TWEAK, CD27, etc. (30, 31). A hallmark of the non-
canonical NF-«B signaling is its slow kinetics and dependence
on protein synthesis (31). This is largely due to the involvement
of an unusual mechanism of NIK regulation. Under normal
conditions, NIK steady level is extremely low due to its constitu-
tive degradation via the ubiquitin/proteasome pathway, which
prevents induction of pl00 processing (32). Signal-stimulated
noncanonical NF-kB signaling involves stabilization of the de
novo synthesized NIK, thereby allowing the accumulated NIK
to activate IKKa and induce p100 processing. The noncanonical
NEF-kB pathway is best known for its role in regulating lymphoid
organ development, B cell maturation, and osteoclast differen-
tiation. However, recent studies have uncovered additional func-
tions of this pathway and linked this pathway with autoimmune
and inflammatory diseases (18).

MAPK Pathways

Mitogen-activated protein kinases form a large family of serine/
threonine kinases that respond to diverse extracellular and intra-
cellular stimuli and mediate multiple biological processes, such
as cell growth and differentiation, immune and inflammatory
responses, and oncogenesis (7, 33). The mammalian MAPK fam-
ily includes three subfamilies: the extracellular signal-regulated
kinases (ERKs), the c-Jun N-terminal kinases (JNKs), and the
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p38 MAPKSs (7, 33). Signal transduction of the MAPKSs share a
common mechanism, in which an MAPK is phosphorylated and
activated by an MAPK kinase (MKK), and the MKK is in turn
phosphorylated and activated by an MAP3K. Different MAPKs
are regulated by distinct MKKs: MKK1 and MKK2 (also called
MEKI1 and MEK2) for ERK1 and ERK2, MKK4 and MKK7
for JNKs, and MKK3 and MKK6 for p38. The MAP3Ks for the
MAPK signaling cascades vary among different stimulating recep-
tors. In the immune system, MAPK signaling cascades have been
extensively studied in innate immune cells stimulated via the
PRRs, particularly the toll-like receptors (TLRs), where MAPKs
mediate induction of various proinflammatory cytokines and
chemokines required for host defense and inflammation (7).

In the TLR pathway, TAK1 is a primary MAP3K mediating
activation of the JNK and p38 signaling cascades, whereas Tpl2 is
the MAP3K mediating activation of the ERK1/2 cascade (34). The
TLR-stimulated MAPK signaling involves an interesting crosstalk
with the IKK/NF-kB pathway. The NF-kB1 precursor protein p105
forms a stable complex with the MAP3K Tpl2, in which p105 both
stabilizes Tpl2 and prevents its phosphorylation of downstream
kinases, MKK1/2 (35-39). Upon activation by the TLR signal,
IKK phosphorylates p105 to induce its ubiquitin-dependent
degradation, which allows the liberated Tpl2 to phosphorylate
MKK1/2, leading to activation of ERK1/2. This signaling event
is transient, since activated Tpl2 is rapidly degraded due to its
instability when dissociated from p105. Therefore, in the TLR
pathway, TAK1 functions as a master kinase mediating activa-
tion of not only the JNK and p38 MAPK cascades but also the
IKK-Tpl2-ERK signaling axis.

TRAF6 AS A MEDIATOR OF NF-kB AND
MAPK ACTIVATION

IKK/MAPK Activation

TRAFG6 is a prototype of RING domain-containing E3 ubiquitin
ligase that functions together with a dimeric E2, composed of
Ubcl3 and UevlA, specifically catalyzing the synthesis of K63-
linked polyubiquitin chains (4, 19). Accumulating studies have
demonstrated a crucial role for TRAF6 in mediating signaling
from various TNFRs as well as other immune receptors, such as
the IL-1 receptor (IL-1R), IL-17R, TLRs, RIG-I-like receptors,
TGFpR, and antigen receptors (20, 40-44). The C-terminal TRAF
domain of TRAF6 interacts with a conserved sequence motif,
Pro-X-Glu-X-X-(aromatic/acidic residue), present in specific
members of the TNFR superfamily, including CD40 and receptor
activator of nuclear factor kappa-B (45). Through this molecular
interaction, TRAF6 is recruited to the TNFRs in response to
ligand stimulation, which is essential for triggering TRAF6
activation and signal transduction. The TRAF6-binding motifs
are also present in signaling adaptors of other immune receptors,
such as the IL-1R-associated kinases (IRAKs) of the IL-1R and
TLR pathways, the mitochondrial antiviral signaling protein of
the RIG-I pathway, and Act1 of the IL-17R pathway (41, 44, 46).

The signaling mechanism of TRAF6 has been extensively stud-
ied in the TLR and IL-1R pathways (Figure 1). TLRs transduce
signals via common adaptors, MyD88 and TRIF (47). With the

exception of TLR3, which signal via TRIF, all TLRs, as well as
IL-1R, rely on MyD88 for signal transduction, although TLR4
signals through both MyD88 and TRIE. Upon ligand binding,
MyD88-dependent TLRs recruit IRAKs (including IRAKI,
IRAK2, and IRAK4) via the adaptor MyD88 to trigger the forma-
tion of a receptor-associated signaling complex that also contains
TRAF6 (Figure 1). Once activated in the MyD88 signaling
complex, TRAF6 functions as an E3 ubiquitin ligase that conju-
gates K63-linked ubiquitin chains onto itself as well as to other
proteins, such as IRAK1 and the IKK regulatory subunit, NEMO
(19, 20). Precisely how TRAF6 mediates activation of downstream
pathways is incompletely understood. It is generally thought that
self-ubiquitinated TRAF6 recruits the downstream kinases TAK1
and IKK to assemble a signaling complex that facilitates TAK1
and IKK activation. In support of this model, both TAK1 and IKK
contain regulatory subunits that bind K63-linked polyubiquitin
chains (48-50). The TAK1 complex contains two regulatory
subunits, TAB 1 and TAB 2 (or TAB 3), and TAB 2 and TAB
3 both contain an Npl4 Zinc Finger type of ubiquitin-binding
domain that specifically binds K63-linked polyubiquitin chains
(48, 51). The regulatory subunit of IKK, NEMO, also contains
a ubiquitin-binding domain, called CC2-LZ (coiled-coil2-lucine
zipper) or UBAN (ubiquitin binding in ABIN and NEMO pro-
teins), capable of binding K63 ubiquitin chains (49, 50, 52-54). In
further support of this model, mutation of an autoubiquitination
site, K124, of TRAF6 attenuates its function in mediating TAK1/
IKK activation (55). However, a subsequent study suggests that
the E3 ligase activity of TRAF6, although required for TAK1
activation, is dispensable for TRAF6 association with the TAK1
complex (56). Moreover, this study also suggests that TRAF6
autoubiquitination is dispensable for activation of TAKI and its
downstream NF-kB and MAPK pathways by IL-1 and RANKL,
whereas TRAF6-mediated NEMO ubiquitination contributes to
the activation of IKK and NF-kB (56). Since unconjugated ubiq-
uitin chains are able to activate TAK1 (57), it is also likely that
both conjugated and unconjugated K63 ubiquitin chains within
the TRAF6/TAK1 complex contribute to TAKI activation.
Although the E3 ubiquitin ligase activity of TRAF6 is generally
believed to be essential for its signaling function, there are con-
troversies. A recent study employing both cell line reconstitution
and knockin mouse approaches demonstrates that inactivation of
the E3 ligase activity of TRAF6 only partially inhibits its function
in mediating activation of NF-kB and MAPK signaling stimu-
lated by IL-1, TLRs, and RANKL (58). It seems that the Pellino
family of E3 ligases, particularly Pellinol and Pellino2, could
compensate the E3 function of TRAF6 to mediate K63 ubiquitin
chain conjugation for TAK1 activation (58). Since complete dele-
tion of TRAF6 abolishes MyD88-dependent activation of NF-«kB
and MAPK signaling, these findings suggest that in addition to
serving as an E3 ligase, TRAF6 may also function an adaptor.

TRAF6 Regulation

Given the crucial role of TRAF6 in mediating activation of NF-«xB
and MAPK pathways and inflammation, it is not surprising that
the function of TRAF6 is subject to tight control by various regu-
lators (Figure 1). An early study suggests that IL-1-stimulated
TRAF6 polyubiquitination, an indicator of TRAF6 activation,
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FIGURE 1 | The function and regulation of tumor necrosis factor receptor-associated factor (TRAF)6 in MyD88 signaling pathway. Upon stimulation with IL-1 or
toll-like receptor (TLR) ligands, MyD88 recruits IL-1R-associated kinases (IRAKSs) (including IRAK1, IRAK2, and IRAK4) and TRAF6 to assemble a MyD88 signaling
complex. Once activated in the MyD88 complex, TRAF6 functions as an E3 ubiquitin ligase that catalyzes the synthesis of K63-linked polyubiquitin chains
conjugated to itself or NF-kB essential modulator (NEMO) or existing as free ubiquitin chains. The self-ubiquitinated TRAF6 recruits the ubiquitin-dependent kinase
transforming growth factor beta-activated kinase 1 (TAK1) and its downstream kinase kB kinase (IKK) to assemble a signaling complex that facilitates TAK1 and
IKK activation. This process requires the TAK1 regulatory subunit TAB 2 (or TAB 3) and the IKK regulatory subunit NEMO, both have ubiquitin-binding functions.
Activated TAK1 mediates activation of IKK and mitogen-activated protein kinases (MAPKSs), which further activate nuclear factor kB (NF-kB) (RelA- and c-Rel-
containing complexes) and AP1. TRAF6 mediated NEMO ubiquitination also contributes to the activation of IKK and NF-kB. Several DUBs have been shown to
negatively regulate TRAF6 function through deconjugation of its K63 polyubiquitin chains.

TLRs .

Free Ub chains

occurs transiently suggesting its regulation by deubiquitination
(59). Several DUBs have been implicated in the regulation of
TRAF6 activation through deconjugation of its K63 polyubiquitin
chains; these include CYLD, A20, Otud7b (also called Cezanne),
USP2a, USP4, USP20, and myb-like SWIRM and MPN domain
1 (60-66). Another DUB, YODI1 (also called Otud2), inhibits
TRAF6 ubiquitination and signaling function via a non-catalytic
mechanism that involves binding to the C-terminal TRAF domain
of TRAF6 and, thereby, preventing TRAF6 interaction with an
activating adaptor protein, p62 (also called Sequestosome-1)
(67). Itis unclear why there are so many DUBs involved in TRAF6
regulation, but it is likely that they function in different cell types
and/or distinct receptor pathways. It is also important to note
that the role of some TRAF6-regulating DUBs in regulating TLR
signaling and innate immunity is yet to be demonstrated using
in vivo approaches.

TRAF6 regulation also involves various other factors. A mem-
ber of the NOD-like receptors (NLR) family, NLRC3, has been
shown to inhibit signaling from MyD88-dependent TLRs (68).
NLRCS3 interacts with and inhibits K63 ubiquitination of TRAF6,

thereby negatively regulating TLR-stimulated NF-kB activation.
Interestingly, NLRC3-mediated TRAF6 regulation does not
influence MAPK signaling pathways (68), indicating a different
role for K63 ubiquitination of TRAF6 in regulating NF-«kB and
MAPK pathways. The molecular mechanism by which NLRC3
inhibits K63 ubiquitination and signaling function of TRAF6 is
undefined. A putative E2 molecule, Ube2o binds to TRAF6 and
inhibits TRAF6 K63 ubiquitination and activation of NF-kB in
the IL-1p and LPS pathways (69). This function of Ube2o is
independent of its ubiquitin-conjugating domain and appears
to act through disruption of TRAF6 binding to MyD88. TRAF6
is also regulated by a protein kinase, MST4, which phosphoryl-
ates TRAF6 at two threonine residues (T463 and T486) in the
C-terminal TRAF domain and inhibits the oligomerization and
autoubiquitination activity of TRAF6 (70). MST4 knockdown
promotes TLR signaling and cytokine induction in cell culture
and sensitizes mice to septic shock induction (70). In contrast
to the negative role of MST4 in TRAF6 regulation, another
kinase, RSK2, positively regulates TRAF6 function and LPS- and
IL-1p-stimulated activation of MAPKs and NF-kB (71). RSK2
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FIGURE 2 | Tumor necrosis factor receptor-associated factor (TRAF)2 and TRAF5 in tumor necrosis factor receptor (TNFR)1 signaling. TNFa binding to TNFR1
triggers the assembly of a TNFR1-associated signaling complex, complex |, which is composed of TNF receptor-associated death domain (TRADD), receptor-
interacting protein kinase 1 (RIP1), TRAF2 or TRAF5 (TRAF2/5), and the E3 ubiquitin ligases clAP1 and clAP2 (clAPs). Upon activation, clAPs conjugate K63-

linked ubiquitin chains to RIP1, which facilitates recruitment and activation of the kinase transforming growth factor beta-activated kinase 1 (TAK1) as well as the
recruitment of the linear ubiquitin ligase complex LUBAC. LUBAC conjugates linear ubiquitin chains to RIP1 and, thereby, facilitates the requirement of kB kinase
(IKK) via the linear ubiquitin-binding function of NF-kB essential modulator (NEMO). Subsequent ubiquitination of NEMO by LUBAC, along with TAK1-mediated IKKp
phosphorylation, results in IKK activation. The activated IKK and TAK1 mediate activation of nuclear factor kB (NF-«kB) and mitogen-activated protein kinase (MAPK)/
AP1 signaling pathways that promote cell survival. TRAF2 also participates in the subsequent formation of a cytoplasmic complex, complex lla, which mediates
apoptosis induction. When caspase-8 is inhibited, TNFR1 signaling also leads to formation of complex llb, leading to necroptosis. DUBs, including OTULIN and
CYLD, negatively regulate signaling functions of LUBAC by cleaving linear ubiquitin chains. SPATA2, as a high-affinity binding partner of CYLD and LUBAC,
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phosphorylates TRAF6 at three N-terminal serines (S46, S47, and
$48), thereby promoting the K63 ubiquitination and signaling
function of TRAF6 (71). Future studies should examine whether
these negative (T463 and T486) and positive (546, S47, and S48)
phosphorylation sites are phosphorylated in vivo along with TLR
stimulation.

TRAF2 IN TNFR SIGNALING

TRAF2 has been extensively studied as a mediator of TNFR1
signaling and known to be crucial for TNFa-stimulated NF-xB
and MAPK pathways. TRAF2 is essential for TNFa-induced acti-
vation JNK, although it is functionally redundant with TRAFS5 in
the activation of NF-xB (72, 73). TRAF2 does not directly bind
TNEFR1, but it can be recruited to TNFR1 via the adaptor protein
TNF receptor-associated death domain (TRADD) (74, 75). The
cytoplasmic tail of TNFRI1 contains a death domain that medi-
ates interaction with the death domain of TRADD, and TRADD
binds to TRAF2 via the N-terminal region of TRADD and the
C-terminal TRAF domain of TRAF2 (74, 76). TNFR1 signaling

involves sequential formation of two different complexes, com-
plex I and complex II, which mediate cell survival and cell
death, respectively (77) (Figure 2). Complex I is associated with
TNFR1 and composed of TRADD, TRAF2 and its close homolog
TRAFS5, receptor-interacting protein kinase 1 (RIP1), and the E3
ubiquitin ligases cIAP1 and cIAP2 (77). In response to TNFR1
stimulation, cIAP1 and cIAP2 conjugates K63-linked ubiquitin
chains to RIP1, which facilitates the recruitment and activation
of TAK1 and IKK kinase complexes leading to activation of
NF-xB and induction of survival genes (49, 78-80). Following
the initial signaling, complex I dissociates from TNFR1 leading to
formation of the cytoplasmic complex Ila, composed of TRAF2,
RIP1, TRADD, FADD, and procaspase-8. This second complex
triggers activation of Caspase-8 and apoptosis, which serves as
a checkpoint mechanism mediating cell death when complex
I-mediated NF-kB activation fails (77). TNFR1 also induces a
complex (complex IIb), composed of RIP1, RIP3, and MLKL,
which mediates cell death via necroptosis (81).

Like TRAF6, TRAF2 contains an N-terminal RING domain
and has been implicated as a K63-specific E3 ubiquitin ligase
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(82). However, the RING domain structure of TRAF2 differs sig-
nificantly from that of TRAF6, and TRAF2 does not interact with
Ubcl3andseveral other E25(83). A subsequentstudy suggests that
the E3 ligase function of TRAF2 requires a cofactor, sphingosine-
1-phosphate (S1P), which binds to the RING domain of TRAF2
and stimulates TRAF2-mediated K63 ubiquitination of RIP1
(84). TRAF2 also interacts with sphingosine kinase 1 (SphK1),
one of the isoenzymes catalyzing the generation of S1P, and
siRNA-mediated SphK1 silencing attenuates TNFa-stimulated
RIP1 ubiquitination and NF-kB activation (84, 85). Whether
TRAF2 functions as an adaptor or an E3 ligase in the TNFR1
pathway is still in debate. While TRAF2 has been implicated as
an E3 that mediates TNFa-induced RIP1 ubiquitination and
NF-xB activation (84, 86), other studies suggest that the RING
domain of TRAF2 is dispensable for its function in mediating
TNFa-induced canonical NF-kB signaling (87). It is generally
believed that the TRAF2-recruited cIAPs function as E3 ligases
of RIP1 in the TNFR1 complex I (Figure 2). The cIAP-binding
motif, but not RING domain, of TRAF2 is essential for TNFR1-
stimulated RIP1 ubiquitination and canonical NF-kB activation
(87). cIAP1 and cIAP2 directly ubiquitinate RIP1 in vitro and
are required for TNFa-induced RIP1 ubiquitination and NF-kB
activation in vivo (78-80).

TRAF2 is functionally redundant with TRAF5 in mediating
TNFa-stimulated NF-kB activation. Mouse embryonic fibro-
blasts (MEFs) deficient in either TRAF2 or TRAF5 are fully
functional in TNFa-stimulated NF-«B activation, whereas MEFs
lacking both TRAF members are severely attenuated, although
not completely defective, in the NF-kB activation (73). These
findings confirm the important role of TRAF2 and TRAF5 in
TNFa-stimulated NF-xB signaling and also suggest the involve-
ment of additional mechanisms. The role of cIAPs is cell-type
specific. shRNA-mediated knockdown of cIAP1 in skeletal
myoblasts largely blocked TNFa-stimulated NF-xB signaling,
whereas simultaneous knockdown or knockout of cIAP1 and
cIAP2 is required for blocking NF-kB activation in MEFs (79, 88).

Recent studies suggest that the signaling function of TNFR1
complex I also involves another E3 ubiquitin ligase, LUBAC,
which specifically conjugates linear ubiquitin chains (89, 90).
LUBAC is a complex composed of three subunits: SHARPIN,
HOIL-1L, and HOIP. In response to TNFR1 stimulation, LUBAC
is recruited to the TNFR1 complex I via binding to K63 ubiquitin
chains conjugated to RIP1 by the cIAPs (89) (Figure 2). Within
the TNFR1 complex, LUBAC mediates linear ubiquitination of
several components of the TNFR1 complex 1, including RIP1
and the IKK regulatory subunit NEMO (91, 92). The LUBAC-
catalyzed synthesis of linear ubiquitin chains plays an important
role in recruitment and activation of IKK. Unlike TAB 2 and
TAB 3, which specifically binds to K63 ubiquitin chains, NEMO
preferentially binds to linear ubiquitin chains via its ubiquitin-
binding domain, UBAN (53, 93-95). The K63 ubiquitin- and
linear ubiquitin-conjugated RIP1 molecules recruit TAK1 and
IKK complexes, respectively, thereby facilitating IKK activation
by TAK1 (Figure 2). Linear ubiquitination of NEMO may directly
contribute to IKK activation. It has been proposed that linear
ubiquitin chain-conjugated NEMO can be bound by another
NEMO molecule, which promotes IKK dimerization and catalytic

activation (96). It has also been suggested that NEMO binding
to linear ubiquitin chains may cause a conformational change in
IKK, thereby facilitating IKKp phosphorylation by TAK1 (97).
The signaling function of LUBAC is negatively regulated by DUBs
capable of cleaving linear ubiquitin chains, including OTULIN
and CYLD (98-100). In addition, the DUB A20 is recruited to
the TNFR1 complex via binding to linear ubiquitin chains and
contributes to the inhibition of NF-«B activation possibly by
preventing NEMO recruitment (101, 102).

TRAF?2 is also a mediator of TNFR2 signaling. In fact, TRAF2,
along with TRAF1, was originally identified as signaling adap-
tors physically associated with TNFR2 (6). TRAF2 binds to the
cytoplasmic domain of TNFR2 and recruits E3 ubiquitin ligases
cIAP1 and cIAP2 to the TNFR2 signaling complex, which is
important for TNFR2-stimulated NF-kB activation (103, 104).
The cytoplasmic tail of TNFR2 contains sequence motifs that are
directly bound by TRAF2 (6, 105, 106). TRAF2 also mediates
activation of NF-kB and MAPK pathways triggered by other
TNER superfamily members, such as CD40, 0X40, 4-1BB, LTfR,
and GITR (107-111).

TRAF CONTROL OF NONCANONICAL
NF-xB PATHWAY

While TRAF proteins are generally known as signaling adaptors
that mediate activation of NF-kB and MAPK pathways, it is now
clear that TRAF2 and TRAF3 are pivotal negative regulators of
the noncanonical NF-«B pathway (18). An initial study identified
TRAF3 as a protein physically interacting with the noncanonical
NIK and mediating ubiquitin-dependent NIK degradation (32).
TRAF3 knockdown causes NIK stabilization and induction of
p100 processing, and signal-induced noncanonical NF-kB acti-
vation is associated with TRAF3 degradation and concomitant
accumulation of NIK, suggesting that the TRAF3-mediated
NIK degradation is a central mechanism of noncanonical NF-«xB
regulation (32). This finding is corroborated by subsequent
studies using TRAF3 knockout mice demonstrating that TRAF3
deficiency causes NIK accumulation and noncanonical NF-kB
activation (112-114). Domain mapping analyses revealed an
N-terminal motif of NIK, ISITAQA (amino acids 78-84), which
is required for NIK-TRAF3 interaction. A NIK mutant harboring
deletion of this motif, named NIKA78-84 or NIKATS3, is stable
due to impaired interaction with TRAF3 (32). Transgenic expres-
sion of this NIK mutant in B cells causes maximal noncanonical
NF-kB activation and B cell survival independently of BAFE,
resulting in drastic B cell hyperplasia (115).

Unlike TRAF3, TRAF2 does not bind the N-terminal region of
NIK and only weakly interacts with NIK via a C-terminal region
(32, 116). Interestingly, however, TRAF2 deficiency also causes
noncanonical NF-xB activation (114, 117). Moreover, the E3
ubiquitin ligases cIAP1 and cIAP2 were later on found to mediate
NIK ubiquitination and degradation (118, 119). Biochemical and
genetic evidence suggests that TRAF2, TRAF3, and the cIAPs
function together as an E3 ubiquitin ligase complex mediating
NIK ubiquitination (120, 121). It has been proposed that within
this complex, TRAF2 and TRAF3 bind cIAPs and NIK, respec-
tively, and recruit NIK to the E3 ligases cIAPs via TRAF2-TRAF3
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dimerization (31, 120, 121). These findings provide mechanistic
insight into the functions of small molecule IAP antagonists in
cancer treatment. Recent studies suggest that the IAP antagonists
not only induce cancer cell death but also promote antitumor
immunity and synergize with immune checkpoint inhibitors
in mouse models of cancer immunotherapy (122-125). The
immunostimulatory action of IAP antagonists is likely due to
activation of the NIK-dependent noncanonical NF-kB activation.
In addition, the IAP antagonists may also activate innate immune
cells in tumor microenvironment. As will be discussed in the
following section, disruption of the TRAF-cIAP E3 complex in
macrophages promotes production of M1 type of proinflamma-
tory cytokines that facilitate recruitment of antitumor effector
T cells to the tumor microenvironment (126).

Precisely how the TRAF-cIAP complex is assembled and
regulates NIK stability is incompletely understood. More
recent studies suggest that another TRAF member, TRAFI,
may also be involved in cIAP E3 complex function and NIK
regulation (110, 127). TRAF1 and TRAF2 forms a heterotrimer,
TRAF1:(TRAF2)2, which binds cIAP2 more strongly than TRAF2
(127). Since TRAF1 is induced by various cellular stimuli, it may
function as a modifier of the TRAF-cIAP complex under certain
conditions. In support of this idea, TRAF1 appears to play a role
in restraining TCR-stimulated noncanonical NF-kB activation
(110). TRAF1 deletion allows murine CD8 T cells to respond to
TCR stimulation, in the absence of 4-1BB costimulation, for the
activation of noncanonical NF-kB (110). However, the role of
TRAFI1 in NF-«B signaling is controversial, since another study
suggests that TRAF1 directly binds NIK and stabilizes NIK by
interfering with NIK association with the TRAF2-cIAP2 complex
under overexpression conditions (128). It is important to note,
though, the TRAF1-NIK binding is substantially weaker than the
TRAF3-NIK interaction (32), and additional studies are required
to examine the physiological role of TRAF1 in noncanonical
NEF-kB regulation.

ANTI-INFLAMMATORY FUNCTION OF
TRAF2 AND TRAF3

Anti-Inflammatory Function

Compared to TRAF6, much less is known about the function of
TRAF2 and TRAF3 in regulating TLR signaling. Nevertheless,
recent studies suggest a role for both TRAF2 and TRAF3 in nega-
tively regulating TLR-stimulated expression of proinflammatory
cytokines (9). TRAF3 deficiency promotes proinflammatory
cytokine induction, while inhibits type I interferon induction,
in macrophages (129, 130). The anti-inflammatory function of
TRAF3 has been demonstrated using myeloid cell-conditional
TRAF3 knockout (TRAF3-MKO) mice (126, 131). Myeloid cell-
specific deletion of TRAF3 does not affect macrophage differen-
tiation, but renders mice hypersensitive to colitis induction in the
dextran sodium sulfate (DSS) model (126). The TRAF3-MKO
mice also produce elevated levels of IgG3 and IgG2b antibody
isotypes in response to T-independent and T-dependent antigens,
respectively, likely due to aberrant production of proinflamma-
tory cytokines, such as IL-12 and IL-6 (131). Consistently, the

TRAF3 deficiency sensitizes macrophages to in vitro induction
of proinflammatory cytokines by the TLR4 and TLR3 ligands
LPS and polyIC (126, 131). At older ages (15-22 months), the
TRAF3-MKO mice spontaneously develop chronic inflammation
in multiple organs (131). Interestingly, some of these mice also
develop tumors originating from both myeloid cells (histiocytes)
and other cell types (including B cells and hepatocytes) that are
competent in TRAF3 expression (131). These findings suggest
that chronic inflammation in these mutant mice may contribute
to the tumorigenesis, although it is also possible that TRAF3 may
regulate a tumor-suppressive function of myeloid cells.

An unexpected finding is the anti-inflammatory function of
TRAF2 in the TLR signaling pathway (126). Like TRAF3, TRAF2
negatively regulate induction of proinflammatory cytokines by
the TLR ligands LPS and polyIC as well as by the cytokine IL-1p,
and the myeloid cell-conditional TRAF2 knockout (TRAF2-
MKO) mice are hypersensitive to colitis induction in the DSS
model (126). The protective role of TRAF2 in colon inflamma-
tion has also been revealed using TRAF2 germline knockout
mice, which spontaneously develop colitis (132). In addition
to its anti-inflammatory role in myeloid cells, TRAF2 appears
to inhibit inflammation through protecting intestinal epithelial
cells from TNF-induced apoptosis (9, 132). A potential role for
TRAF2 and TRAF3 in regulating human inflammatory bowel
disease (IBD) is indicated by the finding that the expression level
of these TRAF members is upregulated in the colonic tissue of
IBD patients (133-135). However, whether the upregulation of
TRAF2 and TRAF3 serves as a feedback mechanism to suppress
inflammation in the human patients is unclear.

Signaling Mechanism

The finding that both TRAF2 and TRAF3 negatively regulate
proinflammatory cytokine induction by TLRs raises the question
of whether these TRAF members have a common mechanism
of action. TRAF3 has been shown to play a role in regulating
receptor-proximal signaling in the MyD88 pathway (136)
(Figure 3). In response to TLR stimulation, both TRAF6 and
TRAF3 are recruited to the MyD88 signaling complex, in
which TRAF3 appears to prevent the relocation of the TRAF6
complex from the membrane to the cytoplasm, a signaling step
required for activation of the downstream MAPK pathways
(136). Interestingly, TLR signaling induces TRAF3 degradation,
which is important for optimal activation of MAPKs (136).
TRAF3 degradation appears to involve TRAF6-mediated K63
ubiquitination and activation of the E3 ubiquitin ligases cIAP1
and cIAP2, which in turn conjugate K48-linked ubiquitin chains
to TRAF3 and cause ubiquitin-dependent TRAF3 degradation in
the proteasome (136) (Figure 3). TRAF3 degradation also occurs
in microglia, resident macrophages of the central nervous system
(CNS) (137). In microglia, TRAF3 undergoes degradation and
resynthesis along with induction of experimental autoimmune
encephalomyelitis (EAE), an animal model of the neuroinflam-
matory disease multiple sclerosis (137). The TRAF3 degradation
also requires the E3 ubiquitin ligase Pelil, which is abundantly
expressed in microglia. Pelil deficiency blocks TRAF3 degrada-
tion and causes its accumulation, which contributes to attenuated
induction of proinflammatory cytokines and chemokines in
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FIGURE 3 | Anti-inflammatory function of tumor necrosis factor receptor-associated factor (TRAF)2 and TRAF3 in toll-like receptor (TLR) signaling pathway. In
responds to TLR stimulation, TRAF6 is recruited to the MyD88 signaling complex. Upon activation, the TRAF6 complex relocates from the plasma membrane to the
cytoplasm, a signaling step required for activation of the downstream nuclear factor kB and mitogen-activated protein kinase (MAPK) pathways. TRAF3 negatively
regulates TLR-stimulated proinflammatory cytokine induction via two potential mechanisms. The first is to target the MyD88-TRAF6 complex and prevents the
relocation of TRAF6 to the cytoplasm, and the second is to function together TRAF2 and clAPs to mediate ubiquitin-dependent degradation of two major
proinflammatory transcription factors, c-Rel and interferon regulatory factor 5 (IRF5). TLR signaling temporarily overrides the negative signaling function of TRAF3 by
inducing TRAF3 proteolysis. In this process, TRAF6 activates clAPs (clAP1 and clAP2) through K63 ubiquitination, which in turn function as E3 ubiquitin ligases to
mediate K48-linked ubiquitination and proteolysis of TRAFS3. In microglia, Peli1 appears to cooperate with TRAF6 or function downstream of TRAF6 to mediate clAP

activation.

microglia and ameliorated EAE pathogenesis (137). Pelil appears
to cooperate with TRAF6 or function downstream of TRAF6 to
mediate cIAP activation, since Pelil deficiency inhibits TRAF6-
mediated induction of cIAP ubiquitination (137) (Figure 3). The
role of TRAF3 in suppressing CNS inflammation also involves
negative regulation of IL-17R signaling (138). TRAF3 binds to
IL-17R and interferes with the formation of the IL-17R-Actl-
TRAF6 signaling complex and IL-17-stimulated activation of
NF-kB and MAPK pathways. Nuclear Dbf2-related kinase 1
inhibits the binding of TRAF3 to IL-17R and, thereby, promotes
IL-17R signaling and inflammation (139).

The role of TRAF2 and TRAF3 in MAPK regulation may be
cell type specific, since bone marrow-derived macrophages and
peritoneal macrophages derived from TRAF2-MKO and TRAF3-
MKO mice do not display hyper-activation of MAPKs upon
LPS stimulation (126, 131). Another potential mechanism that
underlies the anti-inflammatory function of TRAF2 and TRAF3
is suppression of noncanonical NF-kB activation. As discussed
in above sections, TRAF2 and TRAF3 are both essential compo-
nents of the TRAF-cIAP E3 ubiquitin ligase that mediates NIK

degradation in noncanonical NF-kB pathway (31). Deficiency
in either TRAF2 or TRAF3 in macrophages causes constitutive
activation of noncanonical NF-kB, as shown by NIK accumula-
tion and p100 processing (126, 131). However, the noncanonical
NF-«B activation does not seem to play an important role, since
deletion of NIK in the TRAF2-deficiency macrophages fails to
prevent LPS-stimulated hyper-expression of proinflammatory
cytokine genes, except a partial inhibition of II23a induction
(126). It appears that TRAF2 and TRAF3 negatively regulate two
transcription factors, c-Rel and interferon regulatory factor 5
(IRF5), which belong to the NF-«B and IRF families, respectively
(126). IRF5 is activated by TRAF6 in the MyD88 signaling path-
way, whereas c-Rel is activated by IKK through phosphorylation-
dependent degradation of the NF-kB inhibitor IxkBa (10, 18).
Both c-Rel and IRF5 are crucial mediators of TLR-stimulated
proinflammatory cytokine expression (140-145). TRAF2 and
TRAF3 control the steady level expression of these transcrip-
tion factors posttranslationally, which involves a ubiquitin- and
proteasome-dependent mechanism (Figure 3). In wild-type mac-
rophages, c-Rel and IRF5 undergo constitutive degradation, and
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this process is requires TRAF2 and TRAF3, since deletion of
either TRAF2 or TRAF3 causes stabilization and accumulation
of c-Rel and IRF5 (126). The constitutive degradation of c-Rel
and IRF5 also involves cIAPs, since incubation of macrophages
with a small molecule IAP antagonist results in accumulation of
c-Rel and IRF5. These findings suggest the possibility that the
TRAF-cIAP E3 ubiquitin ligase mediates degradation of c-Rel
and IRF5 in addition to NIK (Figure 3).

Emerging evidence suggests that the anti-inflammatory func-
tion of TRAF-cIAP complex in macrophages plays an important
role in regulating antitumor immunity. Myeloid cell-specific deletion
of TRAF2 promotes the generation of M1 type of macrophages
in tumor microenvironment, which promotes recruitment of
CD4 and CDS8 effector T cells and enhances antitumor immunity
(126). Consistently, as discussed in the above section, IAP antago-
nists promote antitumor immunity and synergize with immune
checkpoint inhibitors in mouse models of cancer immunother-
apy (122-125). These immunostimulatory effects of IAP antago-
nists likely involve activation of both the NIK-dependent NF-kB
pathway and the activation of M1 type macrophages.

CONCLUDING REMARKS

Tumor necrosis factor receptor-associated factor proteins, par-
ticularly TRAF6 and TRAF2, have been established as pivotal
mediators of NF-kB and MAPK pathways. In addition, recent
studies have identified TRAF2 and TRAF3 as negative regulators
of the noncanonical NF-xB pathway and proinflammatory TLR
signaling pathways. Accumulating studies have also revealed
potential molecular mechanisms that regulate the fate and
signaling functions of TRAFs. These research progresses provide
novel insights into the mechanism underlying the signaling func-
tion of TRAFs and shed light on the molecular basis of human
diseases associated with TRAF-dependent signaling pathways.
These scientific advances have also suggested new opportuni-
ties for designing therapeutic approaches in the treatment of
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inflammatory diseases and cancer. For example, the IAP antago-
nists, which induce degradation of cIAPs and, thereby, disruption
of the TRAF-cIAP E3 complex, have been tested in animal models
of cancer immunotherapy and obtained promising results.

The recent progresses also raise a number of questions to be
addressed in future studies. For example, the molecular mecha-
nism by which TRAF6 mediates activation of NF-kB and MAPK
pathways is incompletely understood. Although the E3 ligase
activity of TRAF6 is important, controversies exist regarding how
TRAF6 exerts the ubiquitin-dependent mechanism for activating
the NF-xB and MAPK pathways. The signaling mechanism of
TRAF?2 is also elusive. In particular, whether the E3 ligase activ-
ity TRAF2 is required for TNFa-induced NF-kB activation is in
debate. Furthermore, our current knowledge is largely based on
cell line studies, and it will be important to have a mouse model
for studying the role of ubiquitination in TRAF2 function under
physiological conditions. Another important question is about
the negative roles of TRAFs in regulating signaling. It is important
to further define the mechanism by which TRAF2 and TRAF3
function together with cIAPs to mediate ubiquitin-dependent
protein degradation and characterize the target proteins of this
ubiquitin ligase complex. Finally, how TRAF proteins are regu-
lated in different receptor pathways represents another important
area for future research.
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TRAFs [tumor necrosis factor (TNF) receptor associated factors] are a family of signaling
molecules that function downstream of multiple receptor signaling pathways and play
a pivotal role in the biology of innate, and adaptive immune cells. Following receptor
ligation, TRAFs generally function as adapter proteins to mediate the activation of
intracellular signaling cascades. With the exception of TRAF1 that lacks a Ring domain,
TRAFs have an E3 ubiquitin ligase activity which also contributes to their ability to
activate downstream signaling pathways. TRAF-mediated signaling pathways culminate
in the activation of several transcription factors, including nuclear factor-kB (NF-kB),
mitogen-activated protein kinases (MAPKSs; e.g., ERK-1 and ERK-2, JNK, and p38),
and interferon-regulatory factors (IRF; e.g., IRF3 and IRF7). The biological role of
TRAFs is largely due to their ability to positively or negatively regulate canonical
and non-canonical NF-kB signaling. While TRAF-mediated signaling regulates various
immune cell functions, this review is focused on the recent advances in our knowledge
regarding the molecular mechanisms through which TRAF proteins regulate, positively
and negatively, inflammatory signaling pathways, including Toll-IL-1 receptors, RIG-I
like receptors, and Nod-like receptors. The review also offers a perspective on the
unanswered questions that need to be addressed to fully understand how TRAFs
regulate inflammation.

Keywords: inflammation, innate immunity, TRAF, TLRs, NLR, RLR, STING, TNFR

INTRODUCTION

The Tumor-Necrosis Factor (TNF) Receptor Associated Factor (TRAF) family is comprised of
cytoplasmic adaptor proteins involved in transducing downstream effects of a variety of receptors
(1). TRAF1 and TRAF2 were first discovered through their association with TNF-R2 (2). Since
then four other members have been identified, thus, a total of six known members exist
(TRAF1 to TRAF6) (3, 4). The TRAF domain can be divided into a N-terminal coiled-coil
region (TRAF-N) and a highly conserved C-terminal Beta-sandwich domain (MATH Domain)
(4, 5). It is the MATH domain which allows TRAF molecules to form dimers and recruit
downstream effectors to receptors (1). With the exception of TRAFI, all other TRAF members,
contain a N-terminal RING finger, followed by a variable number of zinc fingers (1, 4, 6). The
RING finger motif allows TRAF molecules to act as E3 ubiquitin ligases (5, 6). As adaptor
proteins and E3 ubiquitin ligases involved in several immune pathways, TRAFs ultimately lead
to the activation of transcription factors, such as nuclear factor-kB (NF-kB), mitogen-activated
protein kinases (MAPKs; e.g., ERK-1 and ERK-2, JNK, and p. 38), and interferon-regulatory
factors (IRF; e.g., IRF3 and IRF7) (5, 6). In addition, TRAF proteins play important roles
in embryonic development, tissue homeostasis, stress response, and bone metabolism (3, 6).
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Since being discovered in TNF receptor signaling, TRAFs
role has expanded to include involvement in many other
inflammatory signaling pathways such as toll-like receptors
(TLRs), nucleotide binding-oligomerization domain (NOD)-like
receptors (NLRs), retinoic acid-inducible gene I (RIG-I)-like
receptors (RLRs), and cytokine receptors (4, 6). Aberrant and
prolonged activation of inflammation following the activation
of these receptors has been associated with debilitating
diseases including cancer, atherosclerosis, type II diabetes, and
autoimmune diseases (7). Therefore, a number of mechanisms
have evolved to negatively regulate these pathways (8). This
review is focused on recent studies that identified new roles
for TRAF proteins in activating and inhibiting TLR, RLR, and
NLR signaling, and emphasizes newly discovered mechanisms
of regulating these pathways by targeting TRAF expression and
function.

THE ROLE OF TRAFs IN TOLL-LIKE
RECEPTOR SIGNALING

Toll-like receptors (TLRs) are a family of transmembrane
receptors lining both cellular and endosomal membranes that
sense various pathogen-associated-molecular patterns (PAMPs),
and danger-associated molecular patterns (DAMPS) (6, 9-
11). There are 10 known TLRs in humans that either exist
as homo or heterodimers (11). TLRs are characterized by
an extracellular ectodomain comprised of leucine-rich repeats
(LRRs), which senses the corresponding PAMP or DAMP, a
transmembrane domain, and an intracellular Toll/IL-1 receptor
(TIR) domain, which induces the downstream response (9, 12).
Upon stimulation, TLRs oligomerize, and recruit MyD88, with
the exception of TLR3, which recruits TRIF through TIR domain
interaction (12). TLR4 can uniquely induce both MyD88-
dependent signaling when its on the plasma membrane and
TRIF-mediated signaling when translocated to the endosomal
compartment. Subsequently, a signaling cascade is initiated
which results in the activation of transcription factors like NF-
kB, MAPKs, and IRFs. This ultimately leads to the production
of chemokines, cytokines, and other inflammatory mediators,
which initiate the innate immune response and prime the
adaptive immune response (Figure 1) (6, 9, 13).
MyD88-dependent signaling is initiated with the recruitment
of the IL-1 receptor-associated kinase (IRAK) 4 which, in turn,
recruits and activates, through phosphorylation, IRAK1 and
IRAK2 (14). IRAK1/2 recruit TRAF6, which functions as an E3
ubiquitin ligase following its oligomerization via the CC domains
(15). This also allows TRAF6 to associate with the E2 ubiquitin
complex UevlA:Ubcl3, which together then catalyze the K63-
linked polyubiquitination to TRAF6 and other substrates,
including TAK1, TAB1, TAB2, and NEMO (IKKy) (16). This
activates TAK1 which co-localizes with the IKK complex and
activate IKKP via phosphorylation (9, 17). Importantly, optimal
activation of the IKK complex requires the linear ubiquitination
of NEMO (MI1-linked) (18-20). This is mediated by a ubiquitin
ligase complex termed the Linear UBiquitin chain Assembly
Complex (LUBAC) and consists of heme-oxidized IRP2 ubiquitin

ligase-1 (HOIL-1), HOIL-1-interacting protein (HOIP), and
the Shank-associated RH domain interactor (SHARPIN) (21).
Activation of the IKK complex leads to phosphorylation and
subsequent degradation of the inhibitor of kB, IxBa, which
eventually leads to NF-kB activation (12, 13). TAK1 also induces
activation of MAPKs, such as ERK1/2, P38, and JNK, through
phosphorylation leading to activation of transcription factors like
AP-1 (Figure 1A) (12).

In TRIF-mediated signaling, TRIF recruits TRAF3, which
catalyzes its own K63-linked polyubiquitination. This leads to
the activation of the TBK1 and the non-canonical IKK, IKKe,
which in turn phosphorylates IRF3 resulting in its nuclear
translocation and the subsequent induction of type 1 IFNs
(IFN-Is) (22, 23). With slower kinetics (i.e., late phase), TRIF
can also form a complex with TRAF6 and RIP1, to induce
the TAK1/IKK axis and the subsequent activation of NF-kB
(Figure 1B) (11). IFN-Is can also be induced following TLR7
and TLRY stimulation through the MyD88-dependent pathway.
MyD88 forms a complex with TRAF3 which then recruits and
activates an IRAK-IKKa complex, which in turn phosphorylates
IRF7 resulting in its translocation into the nucleus to induce
interferon production (Figure 1C) (9).

TRAFs Negatively Regulate TLR Signaling
In addition to activating TLRs, TRAFs can also function as
negative regulators of TLR signaling. TRAF3 negatively regulates
TLR-mediated MAPK activity, possibly by preventing the release
of the TRAF6:TAB1/2:TAK1 complex, but the negative regulation
is inhibited by cIAP1/2 which catalyze K48-polyubiquitinated
degradation of TRAF3 (Figure1A) (11, 23, 24). Under
specific conditions, TRAF2 can dampen TLR mediated cytokine
production by causing proteasome-dependent degradation of c-
Rel, a member of the NF-kB family, in a mechanism that also
requires TRAF3 and cIAP1/2 (25). TRAFS5 has also been shown
to inhibit TLR-stimulated cytokine production by preventing the
interaction between TRAF6 and TAB2 (26). TRAF4 associates
with p47phox, a component of cytosolic NADPH oxidase, to
negatively regulate TLR signaling by interacting with TRAF6
and TRIF and disrupting their functions (27). Recently, TRAF1
has been shown to attenuate TLR-induced NF-kB signaling
by interfering with LUBAC-mediated linear ubiquitination of
NEMO (Figure 1A) (28). Interestingly, downstream of TLR3
signaling, TRAF1 inhibits TRIF mediated activation of NF-kB,
ISRE, and the IFN-f promoter independent of IRF-3 (Figure 1B)
(29).

Negative Regulation of TLR Signaling by
Targeting TRAFs

TLR signaling can also be regulated by targeting the function,
expression, or catalytic activity of certain TRAF proteins. Several
deubiquitinases (DUB) have been shown to negatively regulate
TLR signaling by removing ubiquitin chains from TRAFs or their
targets. For instance, A20 is a key regulator of TLR signaling,
whereby it targets several aspects of the signaling cascade. It can
accomplish this, in part, by directly deubiquitinating TRAF6 (30).
Monocyte chemotactic protein-induced protein 1 (MCPIP1) is
another DUB that negatively regulates JNK and NF-«B signaling
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FIGURE 1 | TRAFs in TLR signaling pathways. (A) Domain organization of TRAF proteins. Domains shown include Ring, Zinc (Zn) finger, coiled-coil (CC; TRAF-N), and
MATH (TRAF-C) (B) Plasma membrane TLRs, upon ligand binding, recruit various intracellular signaling elements including TRAF6 to activate NF-kB and MAPK
pathways. TRAF1, TRAF3, TRAF4, and TRAF5 can negatively regulate this pathway by different means. (C) Following ligand binding, TLR4 translocates to the
endosomal compartment and recruits TRIF and TRAF3 to induce the TBK1/IKKe/IRF3 axis, or TRAF6 to induce NF-kB and AP-1 via late phase (slower) kinetics. TLR3
and RLRs can also induce the TBK1/IKKe/IRF3 axis by recruiting TRAF3.

-—

by deubiquitinating TRAF2, TRAF3, and TRAF6 (31). Recently, ~ (41-44). These receptors participate in a plethora of cellular
peroxiredoxin-1 (PRDX1) has been shown to directly interact  processes including: inflammasome assembly, pyroptosis,
with TRAF6 ring finger motif and inhibit its ubiquitin-ligase  activation of NF-kB and MAPK pathways, autophagy, IFN
activity, which diminishes NF-kB activation downstream of TLR4  signaling, antigen processing and presentation, and ROS
stimulation [(32), p. 1]. Several members of the NLR family,  production (6, 43, 45). These receptors are characterized
discussed below, have been shown to regulate TLR signaling by =~ by a central nucleotide binding (NOD, also known as
targeting TRAF proteins. NLRC3 can attenuate TLR-mediated = NACHT) domain, which allows oligomerization, followed
NF-kB activation by reducing K63-linked polyubiquitination by a C-terminal leucine-rich repeat (LRR) domain, which
of TRAF6 (33). NLRX1 can interact with TRAF6 to reduce  detects PAMPs and DAMPs and a variable N-terminal
canonical NF-kB activation through the TLR4 mediated pathway =~ domains, which helps induce the downstream response
[(34), p. 1]. Under normal conditions, NLRX1 associates with  (41-44, 46).

TRAF6, but upon TLR4 stimulation, NLRX1 dissociates from NOD1 and NOD2 are the most studied members of
TRAF6 and binds to NEMO preventing TRAF6 recruitment of ~ the NLR family [reviewed in Motta et al. (47)]. Upon
the IKK complex, and subsequent NF-kB activation (35). Its  activation, these receptors oligomerize through their NACHT
important to note, however, that some of those findings havebeen ~ domains and form a complex with RIPK2, through homotypic
controversial in the field as other studies were not able to reach ~ CARD-CARD interactions (44). In this complex, RIP2 is
a similar conclusion [(36, 37); (38), p. 1]. NLRP11 inhibits TLR  associated with multiple E3 ligases, including cIAP1/2, xIAP,
signaling by recruiting RNF19A, an ubiquitin ligase, to catalyze =~ TRAF2, and TRAF5, but only cIAP1/2 catalyzes its K63-linked
K48-linked polyubiquitination and the subsequent degradation  polyubiquitination (44, 48-50). TRAF2 and TRAF5 serve as
of TRAF6 [(39), p. 11]. NLRP12 reduces non-canonical NF-kB  adaptor molecules to facilitate interaction of cIAP1/2 with
stimulation by interacting with TRAF3 and NIK causing NIK'is ~ RIP2 in this complex (48). RIPK2 then induces K63-linked

degraded preventing/reducing cleavage of p100 to p52 (40). polyubiquitination of TAK1 and NEMO, which recruits the IKK

complex to the platform leading to IKKp phosphorylation by
THE ROLE OF TRAFs IN NOD-LIKE TAKI (43, 44). TRAF6 and CARD? serve as adaptors which allow
RECEPTOR SIGNALING NOD1 and NOD2 to induce MAPKs and subsequently activate

AP-1 transcription factor (51, 52). In addition to NF-kB and
NOD-like receptors (NLRs) are a family of cytosolic =~ MAPK activation, NOD1 and NOD2, induce IFN-I production
receptors that sample intracellular PAMPs and DAMPs by forminga complex with RIPK2. This results in the recruitment
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FIGURE 2 | TRAFs in NLR and RLR signaling pathways. (A) After ligand recognition, endosomal TLRs recruit TRAF6, either via TRIF (TLR3) or via
MyD88/IRAK1/IRAK4 (TLR7, 8 or 9) to activate NF-kB. Additionally, TLR 7, 8, or 9 can recruit MyD88, TRAF3, IRAK1, and IKKa to activate IRF7. (B) Ligand activated
NOD1 or NOD2 associate with RIPK2, which can then recruit either TRAF3 to activate the TBK1/IKKe/IRF7 axis, TRAF2, and TRAF5 to activate NF-kB or TRAF6 and
CARD9 to activate MAPK signaling. Viral RNAs activate RIG-I or MDAS, which then associate with the mitochondrial protein MAVS and activate NF-kB or MAPK

of TRAF3 leading to the activation of TBK1/IKKe/IRF7 axis
(Figure 2) (42, 53).

A few NLR family members (e.g., NLRP1, NLRP3, NLRP6,
NLRC4, and NLRC5) are capable of activating inflammasomes
(41, 54). Inflammasomes are multimeric protein complexes that
play a key role in regulating the secretion of potent cytokines
like IL-1B and IL-18. Most inflammasomes are composed of
an NLR protein, the zymogen pro-caspase-1, and the adapter
protein, apoptosis-associated speck-like protein containing a
CARD (ASC) (55, 56). Intriguingly, TRAF3 has been recently
shown to play a role in NLRP3 inflammasome activation, as
it catalyzes K63-linked polyubiquitination of ASC in order to
induce ASC speck formation and inflammasome activation
(57). In addition, TRAF2, along with cIAP1/2, mediates
K63-linked polyubiquitination of caspase-1 for optimum
activity (58). However, TRAF2~/~ bone marrow-derived
macrophages (BMDMs) show normal inflammasome activation,
suggesting that TRAF2 may not even be involved in this
pathway (59). Following TLR signaling, TRAF6 promotes
the non-transcriptional priming of NLRP3 by inducing its
oligomerization and association with ASC (60).

TRAFs Negatively Regulate NLR Signaling
TRAF4 has been shown to act as a negative regulator in NOD2-
mediated NF-kB signaling by direct interaction with NOD2. This

interaction then allows IKKa to phosphorylate TRAF4, which
results in its dissociation from NOD2 and inhibition of NOD2
signaling (61). NLRC3 has been shown to attenuate NLRP3
inflammasome by with ASC for pro-caspase-1 binding (62).

THE ROLE OF TRAFs IN RIG-I-LIKE
RECEPTOR SIGNALING

RIG-I-Like receptors (RLRs) are a family of DEAD box helicases
that play a crucial role in the innate immune response to viral
infections by detecting the presence of viral RNA in the cytosol.
RIG-I and MDA5 are the two prototypical members of the
RLR family (63). Upon sensing viral RNAs, RLRs dimerize and
interact with mitochondrial antiviral signaling adaptor (MAVS,
ak.a. IPS-1, or VISA), with the subsequent formation of a
complex that includes among others TRAF2, TRAF3, TRAF5,
and TRAF6 [(64); (65), p. 3; (66)]. TRAF proteins then recruit
various downstream signaling proteins that culminate in the
activation of several transcription factors, including IRF3, NF-kB,
and MAPKs.

RIG-I/MDAS5 employ TRAF3 to induce IRF3-mediated IFN-
I production. Mechanistically, TRAF3 is recruited by MAVS,
where it catalyzes its own K63 polyubiquitination followed
by recruitment and subsequent activation of TBKI and IKKe
(Figure 1B) (67). TRAF2 and TRAF5 play a crucial role in
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mediating NF-kB activation after RLRs bind their viral PAMPs,
albeit the mechanism remains poorly understood (64, 68).
TRAF6 can also be recruited via MAVS, where it activates
the TBK1/IKKe/IRF7 as well as the MAPKs/AP-1 signaling
axes (Figure 2) (66, 69). Intriguingly, the RIG-I-MAVS-TRAF6
signaling axis leads to IKKf-dependent phosphorylation of NF-
kB (70). Furthermore, RIG-I-MAVS-TRAF6 signaling induces
K63-ubiquitination of Beclin-1, a critical step for inducing
autophagy (71). Finally, TRAF6 interacts with Ubiquitin-specific
protease 4 (USP4) to induce NF-kB activation following RLR-
simulation (72). This is achieved via targeting of TRAF6 for
K48-linked deubiquitination.

Regulation of RLR Signaling by Modulating

TRAF Function or Its Interactions

During bacterial infections, the E3 ligase HCTD3 adds Ké63-
linked ubiquitin chains to TRAF3, which enhances the activation
of the TBK1/IKKe complex and subsequent production of
IEN-Is (73). Conversely, several deubiquitinases, including
OTUBI1, OTUB2, DUBA, and HSCARG, have been shown to
downregulate RLR-mediated IFN-I production by removing
K63-linked polyubiquitin chains from TRAF3 or TRAF6
[(74, 75), p. 1; (76)]. MCPIP1, which is known to inhibit
JNK and NF-kB signaling by deubiquitinating several TRAFs
[see above; (31)], has been recently shown to negatively
regulate IFNB production. Overexpression studies showed
that MCPIP1 disrupts the interaction between TRAF3, TBKI,
and IKKe, as shown by co-immunoprecipitation, and thereby
inhibiting the phosphorylation and translocation of IRF3 into
the nucleus (77). There was no evidence to show that this
process requires the deubiquitinase activity of MCPIP1. Another
deubiquitinase, OTU deubiquitinase 1 (OTUDI1), has also
been demonstrated to attenuate IFN-I production following
RIG-I activation by viral RNAs (78). Mechanistically, OTUD1
deubiquitinates and stabilizes the ubiquitin ligase, Smurfl,
which then targets the MAVS/TRAF3/TRAF6 signalosome by
mediating K48-linked polyubiquitination and the subsequent
degradation of MAVS, TRAF3, and TRAF6 (78). Parkin
is another ubiquitin ligase that targets RLR signaling by
promoting K48-linked polyubiquitination of TRAF3 and
reducing its stability (79). An interesting study demonstrated
that linear ubiquitination of NEMO promotes its interaction
with TRAF3, which in turn, disrupts the recruitment of TRAF3
to the RIG-I/MAVS complex leading to diminished IFN-I
expression (80).

THE ROLE OF TRAFs IN STING SIGNALING

In addition to cytosolic sensors of RNA, DNA sensors in
the cytosol are equally crucial in detecting and mounting an
inflammatory response against viral and bacterial pathogens.
Stimulator of Interferon Genes (STING) is activated directly
by second messengers like bacterial cyclic dinucleotides
(e.g., c-diAMP and c-diGMP) (81-83) or by cellular cyclic
GMP-AMP (cGAMP), which is produced by cyclic guanosine
monophosphate  (GMP)-adenosine monophosphate (AMP)

synthase (cGAS) upon sensing cytosolic DNA (84). Activation of
STING leads to an effective inflammatory response which include
the activation of the TBK-1/IRF3 and NF-«kB axes. TRAF3 and
TRAF6 have been shown to enhance STING-mediated NF-
kB and IFN-B promoter activity, albeit in an overexpression
system in 293 cells (85). Both TRAF3 and TRAF6 appear to
interact with STING (85, 86). Recently, an alternative STING
pathway has been revealed in keratinocytes in response to DNA
damage. This alternative STING signaling complex includes the
tumor suppressor p53 and TRAF6, whereby TRAF6 catalyzes
K63-polyubiquitination of STING and activates NF-kB (87).
An elegant study by Genhong Cheng’s group recently showed
that the alternative NF-kB inducing kinase (NIK) can associate
with STING and enhance its activation via an alternative NF-kB
pathway-independent mechanism (88). Interestingly, they
showed that TRAF3, unlike its positive role in RNA-induced
IFN-I production, plays an opposite role in the DNA pathway
and inhibit IFN-I production by suppressing NIK expression
(88).

PERSPECTIVES AND FUTURE
DIRECTIONS

There continues to be a great interest in understanding how
TRAFs regulate innate immune signaling. Specifically, novel
mechanisms have been recently identified to regulate TLR, NLR,
and RLR pathways by modulating the ubiquitination status of
TRAFs, their stability or their function. However, as most of these
regulators seem to be non-redundant, investigating additional
novel regulators, and their mechanism of action remains an active
area of investigation.

Each individual TRAF protein plays several, sometimes
contradictory, roles that are pathway and/or cell specific. For
example, a particular TRAF protein might induce lymphocyte
survival and maturation while inhibiting a certain inflammatory
pathway. Furthermore, most TRAFs function as E3 ligases as
well as adapter proteins. Therefore, TRAFs are poor candidates
for novel therapies since targeting a TRAF protein could lead
to unintended consequences. For these reasons, future studies
should focus on assessing the various roles of each TRAF
protein in isolation from its other functions. This is especially
important when designing therapies for complex inflammatory
and autoimmune diseases by targeting TRAFs.
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Tumor necrosis factor receptor (TNFR) associated factor 1 (TRAF1) is a signaling adaptor
first identified as part of the TNFR2 signaling complex. TRAF1 plays a key role in
pro-survival signaling downstream of TNFR superfamily members such as TNFR2, LMP1,
4-1BB, and CD40. Recent studies have uncovered another role for TRAF1, independent
of its role in TNFR superfamily signaling, in negatively regulating Toll-like receptor and
Nod-like receptor signaling, through sequestering the linear ubiquitin assembly complex,
LUBAC. TRAF1 has diverse roles in human disease. TRAF1 is overexpressed in many
B cell related cancers and single nucleotide polymorphisms (SNPs) in TRAF1 have been
linked to non-Hodgkin’s lymphoma. Genome wide association studies have identified
an association between SNPs in the 5 untranslated region of the TRAF1 gene with
increased incidence and severity of rheumatoid arthritis and other rheumatic diseases.
The loss of TRAF1 from chronically stimulated CD8T cells results in desensitization of
the 4-1BB signaling pathway, thereby contributing to T cell exhaustion during chronic
infection. These apparently opposing roles of TRAF1 as both a positive and negative
regulator of immune signaling have led to some confusion in the literature. Here we review
the role of TRAF1 as a positive and negative regulator in different signaling pathways.
Then we discuss the role of TRAF1 in human disease, attempting to reconcile seemingly
contradictory roles based on current knowledge of TRAF1 signaling and biology. We
also discuss avenues for future research to further clarify the impact of TRAF1 in human
disease.

Keywords: TNFR superfamily, signaling, toll-like receptor, linear ubiquitination, cancer, autoimmunity, chronic
viral infection

INTRODUCTION

Tumor necrosis factor receptor (TNFR)-associated factors (TRAF) proteins play important roles
in the immune system as key intracellular signaling molecules in TNFR, Toll-like receptor (TLR),
cytokine, and antigen receptor signaling pathways (1). While TRAF2 is constitutively expressed
and its transcript can be found in almost all tissues, TRAF1 is an NF-kB inducible protein, and
under normal conditions has more limited expression in the spleen, lung, and testis (2). Evidence
for TRAF1 as both a positive and negative regulator of immune signaling has led to some confusion
in the literature. Here we first discuss the role of TRAF1 in TNFR and TLR signaling pathways and
then discuss what is known about the impact of TRAF1 in human disease, with references to its
specific roles in different pathways, attempting to reconcile these seemingly contradictory roles.
Finally, we discuss the outstanding questions in the field and implications for therapy.
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ROLE OF TRAF1 IN TNFR SIGNALING

TRAF1 was originally identified along with TRAF2 in
immunoprecipitates of TNFR2 (2). TRAF2 is the prototypical
TRAF protein and contains a RING finger domain, a series
of Zinc fingers followed by the conserved TRAF domain. The
TRAF domain, conserved among TRAFs 1 through 6, consists
of the TRAF-N, a coiled coil region responsible for homo-,
or hetero-oligomerization of TRAF proteins and a C-terminal
domain, TRAF-C, also referred to as the meprin and TRAF
homology (MATH) domain, which is responsible for TRAF
recruitment to the cytoplasmic tails of TNFRs. TRAF1 differs
from TRAF?2 in lacking the N-terminal RING finger required for
NF-kB activation and in having only one Zinc finger (Figure 1A)
and as such resembles a dominant negative form of TRAF2 (4).
The crystal structure of the TRAF1 TRAF domain shows that like
other members of the TRAF family, the TRAF C domain forms
a mushroom shaped cap and the TRAF N domain forms a stalk
with a coiled coil structure, albeit with some specific differences
from other TRAFs in the location of several loops in the TRAF
domain and the position of the coiled coil a helices (5, 6). The
structure of TRAFI has also been solved in a complex with the
protein TANK, TRAF family member-associated NF-kappa B
activator (7).

Under normal conditions, TRAF1 expression is largely limited
to activated immune cells, including myeloid and lymphoid
cells. TRAF1I is present at minimal levels in resting lymphocytes
and monocytes and its expression is increased upon activation
through the NF-kB pathway (8). TRAFI, along with TRAF2
and the cellular inhibitors of apoptosis (cIAP1 and cIAP2), is
required to suppress TNF-induced apoptosis in NF-«kB-deficient
cell lines (9). Trafl =/~ mice are viable and fertile and have
normal numbers of lymphocytes (10). However, TRAF1-deficient
activated and memory T cells have impaired survival (11-13).
Conversely, transgenic expression of TRAF1 in mice reduces
antigen induced cell death in T cells (14). These data are
consistent with a prosurvival role for TRAF1 in lymphocytes.

Role of TRAF1 in the Classical NF-xkB
Pathway Downstream of TNFRs

Pro-survival members of the TNFR superfamily activate NF-
kB and mitogen activated protein kinase (MAPK) pathways.

Abbreviations: C5, complement factor 5; cIAP, cellular inhibitors of apoptosis;
EBV, Epstein Barr virus; ERK, extra-cellular signaling related kinase; HOIL, Heme
oxidized IRP2 Ub ligase-1, a subunit of LUBAC; HOIP, HOIL interacting protein,
a subunit of LUBAG; IkB, inhibitor of kB; IKK, inhibitor of kB kinase; K48-Ub,
ubiquitin polymerized through the K48 position; K63-Ub, ubiquitin polymerized
through the K63 position; LMP1, latent membrane protein 1 from EBV; LUBAC,
linear ubiquitin assembly complex; MAPK, mitogen activated protein kinase;
MATH, meprin and TRAF homology; M1-Ub, ubiquitin polymerized through the
M1 position; mTOR, mammalian target of rapamycin; NEMO, NF-kB essential
modulator (NEMO) also known as IKKy; NIK, NF-kB inducing kinase; NLR,
Nod-like receptor; NZF, Npl4 Zinc finger domains; RA, rheumatoid arthritis;
RIPK1, receptor-interacting serine/threonine-protein kinase 1; SHARPIN, Shank-
associated RN domain-interacting protein, a component of LUBAC; TAB,
TAK binding protein; TAK, TGF B-activated kinase; TIR domain, Toll/IL-1
receptor domain; TLRs, toll-like receptors; TRADD, TNFR associated death
domain; TRAFs, TNFR associated factors; TNFR, tumor necrosis factor receptor;
TRIE Tlr domain-containing adaptor inducing interferon-p.

For TNEFRI, TRAF proteins are recruited indirectly through
TRADD (Figure 1B), whereas TNFRs that lack death domains
recruit TRAFs directly (1). The TRAF proteins, in turn,
recruit cIAP1 or 2. The NF-kB pathway involves three
kinds of ubiquitination. cIAPs have E3 ligase activity to
add K63-linked polyubiquitin (K63-Ub) to receptor-interacting
serine/threonine-protein kinase 1 (RIPK1). The K63-Ub provides
a substrate for addition of linear ubiquitin as well as for
recruitment of TGFp-associated kinase (TAK1) and TAK binding
protein (TAB), required for Inhibitor of kappa B kinase (IKK)
and MAPK activation (15, 16). Linear ubiquitination involves the
addition of polyubiquitin polymerized through the M1 position
(M1-Ub) (17-19). The addition of M1-Ub is catalyzed by the
linear ubiquitin assembly complex (LUBAC), which consists
of three subunits: HOIL, HOIP, and SHARPIN. LUBAC is
recruited by K63-Ub and can also modify K63-Ub to make hybrid
molecules (19). These ubiquitin modifications serve as scaffolds
whereby linear ubiquitin recruits the IKK complex, consisting of
IKKa, IKKB, and Nemo/IKKy, which itself can also be modified
by M1- and K63-Ub. K63-Ub recruits TAK/TAB, leading to
activation of the IKK complex. M1-Ub is important in NF-
kB activation downstream of TNFR as well as TLRs and NLRs
(18-22). Activated IKK in turn phosphorylates the Inhibitor of
kB (IkB), leading to its K48-Ub modification and degradation,
allowing NF-kB translocation into the nucleus (Figure 1B) (16).

TRAFI1 enhances survival signaling downstream of a subset
of TNFR family members, including TNFR1, TNFR2, CD40,
4-1BB (CD137), and the EBV-encoded TNFR family member
latent membrane protein (LMP)-1, by enhancing classical NF-
kB and MAPK activation (12, 23-29). The coiled coil domain
of TRAF1 when mixed with that of TRAF2 spontaneously
forms a 1:2 heterotrimer and this complex asymmetrically
recruits the BIR domain of cIAP2 (30). The (TRAF2),TRAF1
coiled coil heterotrimer, is more efficient in recruitment of
cellular cIAPs than the TRAF2 homotrimer, and thus TRAF1
provides an NF-kB induced positive feedback loop to enhance
TRAF2-dependent signaling (30). Trafl~/~ dendritic cells (DC)
show increased apoptosis and marked deficiency in classical
NEF-kB activation after CD40 stimulation, implicating TRAFI
in sustaining TRAF2-dependent signaling through CD40 (26).
Similarly, in B cells, TRAF1 and TRAF2 were found to cooperate
in induction of NF-kB and JNK activation (25). The absence of
TRAFI in T cells leads to impaired NF-kB and ERK activation
downstream of 4-1BB and accumulation of the pro-apoptotic
molecule BIM (11-13, 28).

TRAF1 Prevention of TRAF2 Degradation

Beyond its demonstrated role in collaboration with TRAF2 in
recruiting cIAPs, TRAF1 can prevent proteasome-dependent
degradation of TRAF2 downstream of CD40, 4-1BB and
TNFR2 signaling, thereby sustaining TRAF2 dependent signaling
(12, 23, 25, 26). cIAPs not only add K63-Ub to RIP, but
also have E3 ligase activity for adding K48-Ub which can
lead to TRAF2 degradation (31). TRAF1 can prevent this
effect of cIAPs during TNFR family signaling, although the
mechanism of this protection remains to be elucidated. How
much of the role of TRAFI is due to improved recruitment
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FIGURE 1 | TRAF1 and TRAF 2 proteins in TNFRI signaling. (A) Schematic of TRAF1 and 2 structure, indicating the site of phosphorylation of human TRAF1 by
PKN1. (B) Role of TRAF1 and 2 in activation of NF-kB by TNFRI. TNFRI recruits TNFR associated death domain, TRADD, which in turn recruits TRAF2. TRAF1
associates with the TRADD/TRAF2 complex and the TRAF complex recruits the cellular inhibitors of apoptosis protein (clAP1 or 2), which have E3 ligase activity to
add K63-Ub to RIP1, which leads to recruitment of the TAB-TAK1 complex. The linear ubiquitin assembly complex (LUBAC) is recruited by K63-Ub and adds M1-Ub
chains, which in turn recruit the IKK complex through binding NEMO. The TAB/TAK1 complex activates IKK which in turn phosphorylates IkB, leading to proteasome
dependent degradation of IkB and release of p50/p65 to the nucleus. Figures generated in Biorender, adapted from Wertz et al. (3).

of cIAP by the TRAF1/2 heterotrimer over the TRAF2
homotrimer (30) and how much is due to TRAFI preventing
TRAF2 degradation, or whether the two are interrelated, is
unclear.

Post-translational Modifications of TRAF1

TRAF1 and LUBAC can be co-immunoprecipitated with the
TES domain of the EBV-encoded TNFR family member LMP1,
when TRAF1, and the TES construct are overexpressed in
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HEK293 cells (29). LMP1-dependent signaling results in MI1-
Ub modification of TRAF1. TRAF2, but not cIAP1 or 2,
were found to be important in LUBAC recruitment in this
model (29). As TRAF1 was found to increase NF-kB signaling
downstream of LMP1, the authors proposed that this M1-Ub
modification of TRAF1 was important in IKK recruitment and
showed that LMP1 and TRAF1 could co-localize with an M1-Ub
sensor that contained the ubiquitin binding domains of ABIN1
and NEMO/IKK-y (Figure 2A). Consistently, knockdown of
TRAFI1 or HOIP resulted in reduced proliferation of a large cell
lymphoma cell line (29).

The protein kinase C related kinase, PKN1 binds to and
phosphorylates TRAF1 on serine 146 in human and serine 139
in mouse, but does not phosphorylate TRAF2, 3 or 5 (33),
despite binding to TRAF2 (34). Knockdown of PKN1 enhanced
basal IKK activation in HeLa cells. In overexpression systems
with FLAG-Tagged TRAF1, serine 139 of TRAF1 was found
to enhance its recruitment to TNFR2 relative to an alanine
mutant, and cells expressing TRAF1 S139A showed enhanced
recruitment of TRAF2 to TNFR2 in 293T cells, leading to the
suggestion that phosphorylation of TRAF1 allows it to compete
with TRAF2 for recruitment to TNFR2 and thereby inhibits NF-
kB activation (33). However, the role of PKN1 on TRAF1 biology
has yet to be tested in a more physiological setting.

Role of TRAF1 in the Alternate NF-«kB
Pathway

TRAF1 has also been implicated in regulation of the alternate
NF-kB pathway in lymphocytes. The alternate NF-kB pathway
involves degradation of p100 protein by NF-kB-inducing kinase
(NIK) to the active p52 form. In resting cells, NIK is constitutively
degraded due to its ubiquitination by cIAP1 and/or 2. TRAF2
and TRAF3 play non-redundant roles in this process, with
TRAF2 bringing in cIAPs to the complex, and TRAF3 bringing
in NIK, thereby inducing NIK degradation and preventing
constitutive NF-kB activation. Accordingly, mice lacking TRAF2
or 3 have constitutive non-canonical NF-kB signaling and die
of lethal inflammation (35, 36). Mice lacking TRAFI lack this
lethal inflammation (10), however T cells lacking TRAF1 are
hyper-responsive to anti-CD3 (10). The hyper-responsiveness of
Trafl=/~ T cells to anti-CD3 was later shown to be dependent
on NIK and was associated with excessive cytokine production
(28). In T cells lacking TRAF1, p100 is processed to p52 in
response to anti-CD3 alone, whereas in WT cells p100 processing
requires both a TCR signal and a TNFR family signal (28).
The role of TRAF1 in limiting non-canonical signaling in anti-
CD3 activated T cells may be due its role in preventing TRAF2
degradation or due to its role in enhancing cIAP recruitment. As
TRAFI1 has only limited expression, it cannot have an essential
role in restraining NIK in all cell types, but primarily plays
this role in the context of activated lymphocytes. As TCR
signaling induces increased expression of p100, it is possible that
increased regulation of NIK is required to prevent spontaneous
non-canonical NF-kB induction until a costimulatory signal is
received (28).

TNFR family members induce activation of the alternate
NF-kB pathway by inducing degradation of TRAF2 or TRAF3,
usually with delayed kinetics compared to the activation of the

classical NF-kB pathway (28, 35, 36). TRAF1 can positively
regulate this process (37), likely through recruitment of cIAPs,
which are also involved in degrading TRAF3 leading to
alternative NF-kB activation (28, 35, 36). Another study, which
used overexpression of both TRAF1 and NIK, showed that
TRAF1 could bind to NIK and thereby prevent NIK degradation
in A549 cells (38); however, the relevance of this interaction
in a physiological setting is not clear. Thus, the role of TRAF1
in the alternative NF-kB pathway depends on whether there
is active TNFR signaling going on. How TRAF1 promotes
TRAF3 degradation to induce the alternative NF-kB activation
or prevents cIAP-mediated TRAF2 degradation to allow classical
NF-kB activation remains to be elucidated.

Does TRAF1 Also Play a Negative Role in
TNFR Signaling?

Overexpression of TRAFI in cell lines can lead to inhibition
of TRAF2-mediated NF-kB activation (39). Additionally, a
caspase-induced cleavage product of TRAF1 can interfere with
TRAF2-mediated survival signaling (40, 41). This is thought
to be due to competition for binding to TRAF binding sites,
thereby preventing TRAF2 recruitment. However, as discussed
above, transgenic expression of TRAF1 in lymphocytes has a
pro-survival effect and loss of TRAFI impairs T cell survival
(11, 14). Thus, in more physiological systems with normal
lymphocytes TRAF1 plays a largely positive role in NF-kB
signaling. Nonetheless, analysis of TRAF1- deficient mice showed
that anti-CD3 stimulated Trafl~/~ cells hyper-proliferated in
response to anti-CD3 alone or in response to TNF and the
response of the activated T cells to TNF was specifically
blocked by antibodies to TNFR2, leading to the suggestions
that TRAF1 is a negative regulator of TNF signaling (10).
As discussed above, Trafl ™/~ T cells hyperproliferate due to
increased activation of the alternative NF-kB pathway, and
these effects might have confounded the interpretation of anti-
CD3 activated T cells responding to TNF. In the same study
Trafl~/~ mice were found to have increased TNF-induced
skin necrosis. However, as will be discussed below, Trafl~/~
mice have enhanced responses to TLR signaling, and it is
possible that the damage to the skin caused by TNF allowed
enhanced TLR-signaling due to skin associated microbes, and
thus the negative regulatory role observed might have reflected
signals through TLRs, rather than TNFRs. Other studies have
clearly shown a role for TRAF1 in enhancing NF-«B signaling
downstream of TNFRs (23). Thus, the weight of the evidence
suggests that under conditions of physiological expression in
viable lymphocytes, TRAF1 plays a largely positive role in NF-«kB
induction and lymphocyte survival downstream of TNFRs. On
the other hand, if caspases are activated, it is possible that the
caspase-induced cleavage product of TRAF1 contributes to cell
death.

TRAF1 AS A NEGATIVE REGULATOR OF
TLR AND NLR SIGNALING

Two studies have demonstrated negative regulation of NF-kB
signaling by TRAF1 downstream of TLRs or NLRs, albeit
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FIGURE 2 | Role of TRAF1 and linear ubiquitination downstream of LMP1 and TLR4. (A) TRAF1 is recruited to the TES domain of LMP1 and modified by linear
ubiquitination downstream of LMP1 signaling, leading the recruitment of NEMO and NF-kB activation. Adapted from Greenfeld et al. (29) (B) Downstream of TLR
signaling, TRAF1 sequesters LUBAC, thereby limiting linear ubiquitination of NEMO and restricting NF-kB activation. Figures generated in Biorender, adapted from

Abdul-Sater et al. (32).

by different mechanisms. Abdul-Sater et al. showed that
TRAF1 binds directly to all three components of LUBAC
(SHARPIN, HOIP and HOIL), thereby preventing linear
ubiquitination of NEMO, and thus limiting downstream NEF-
kB activation after TLR or NLR signaling (32) (Figure 2B).
TRAF1 binding to LUBAC components was dependent
on the presence of the MATH domain of TRAF1 and
independent of TRAF2 or TNF signaling. TRAF1 binding
was largely abrogated by deletion of the HOIP or HOIL
NZF domain, a conserved domain required for NEMO
recruitment that is found in all 3 LUBAC components (32).
As the interaction of TRAF1 with LUBAC components was
shown using purified proteins, this demonstrates a role for
TRAF1 independently of TRAF2, and thus distinct from its
role in TNFR signaling pathways. Of interest, the interaction
of TRAF1 with HOIP and HOIL had also been suggested but
not further analyzed in a study of protein-protein interactions

downstream of microbial stimulation leading to interferon
induction (42).

In another study, TRAF1 was identified in a yeast 2-hybrid
screen that used the TLR signaling molecule TIR-domain-
containing adapter-inducing interferon-f (TRIF) as bait. The
TRAF-C domain of TRAF1 was found to bind to the TIR domain
of TRIF. TRAF1 overexpression blocked TRIF-dependent NF-
kB reporter activation in 293 cells, dependent on the caspase-
sensitive cleavage site in TRAF1 (43). However, the physiological
role of this cleaved form of TRAF1 in primary cells has not been
demonstrated.

SUMMARY TRAF1 SIGNALING

In summary, TRAF1 contributes to signaling in the TNFR
signaling pathway as part of a complex with TRAF2, where
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it can promote classical NF-kB activation through cIAP
recruitment and possibly through stabilization of TRAF2. Later,
TRAF1 may also contribute to induction of the alternate NF-
kB pathway, again through cIAP recruitment. TRAF1 can
also contribute to NF-kB activation independently of cIAPs
downstream of LMP1 signaling, through becoming a substrate
for linear ubiquitination, possibly contributing to recruitment
of IKKy/NEMO. Conversely, during TLR or NLR signaling,
TRAF1 can sequester LUBAC to negatively regulate NF-«kB
activation. How these opposing roles of TRAF1 in different
contexts impact human disease will be discussed in the remainder
of the article.

ROLE OF TRAF1 IN CANCER

B Cell Cancers

There is extensive evidence for altered expression of TRAF1 in
lymphoid malignancies (44-46). Many human B malignancies
including B cell chronic lymphocytic leukemia cells (CLL),
non-Hodgkin lymphoma (NHL), and Burkitts lymphomas
exhibit constitutive signaling via TRAF1 binding TNFRs, such
as CD30 and the EBV protein LMP1, and this in turn is
thought to contribute to high levels of TRAF1 expression
via NF-kB signaling (24, 46, 47). Additionally, B-CLL receive
signals through CD40L, and this can drive CD40-dependent
TRAF1 expression (48, 49). Immunological analysis of NHL
revealed TRAF1 overexpression in 48% of cases, and the
same study showed the highest levels of TRAF1 protein in
refractory CLL (45). Analysis of TRAF1 in Hodgkin-Reed-
Sternberg cells of highly proliferating tumors such as Hodgkin
lymphoma (HL) and anaplastic large cell lymphoma led to
the suggestion that TRAFI contributes to apoptosis resistance
downstream of CD30, and therefore plays an important role
in the pathogenesis of classical HL (50). Mediastinal large B-
cell lymphoma (MLBCL), a subtype of diffuse large B-cell
lymphoma (DLBCL), and HL have a shared survival pathway
with high levels of expression of TRAFI and activation of
the NF-kB pathway (51). Anaplastic large-cell lymphomas
carrying anaplastic lymphoma kinase (ALK) have a relatively
good prognosis, however aggressive forms exist. A translocation
that fused the TRAF1 and ALK genes was observed in
one patient and was associated with upregulation of ALK
and NF-kB pathways. Treatment of TRAF1-ALK cells with
proteasome inhibitors, to block the NF-kB pathway, resulted in
p50/p52 downregulation and inhibition of lymphoma growth
(52-54). Other evidence for the importance of TRAFI in
lymphoma comes from the identification of single nucleotide
polymorphisms (SNPs) in the region between TRAF1 and
complement factor 5 (TRAF1-C5 locus) that predisposes to
lymphoma, although the precise causative SNP has not been
identified (55, 56).

The importance of TRAF1 in lymphoma has also been
validated in mouse models. Mice that overexpress a truncated
form of TRAF2 that is thought to mimic TRAF1 develop
lymphadenopathy and splenomegaly due to polyclonal B cell
expansion. In vitro, these B cells exhibit comparable proliferation
rates to wild-type B cells but have markedly increased survival

and resistance to apoptosis induced by dexamethasone and
chemotherapeutic agents. The histopathologic features of these
B cells are consistent with mouse small B cell lymphoma
progressing to leukemia and exhibit many similarities to
human chronic lymphocytic leukemia (57). A more direct
test of the role of TRAF1 in lymphomagenesis was carried
out with mice engineered to express a constitutively active
NF-kB2 mutant. These mice have expanded peripheral B
cell populations and develop small B cell lymphomas. The
mutation has no apparent effect on the proliferation of
B cells but renders them resistant to apoptosis-induced
by cytokine deprivation and mitogenic stimulation. The
lymphocytes and lymphoma cells from these transgenic mice
express high levels of TRAFI. Importantly, crossing the
NF-kB2 mutant mice with Trafl~/~ mice re-established B
cell homeostasis, implicating TRAF1 in the pathogenesis of
lymphoma (58).

Other Cancers

According to the Human protein atlas (www.proteinatlas.org),
TRAF1 can be found in other cancers besides lymphomas
and CLL, including head and neck, melanoma, pancreatic,
and thyroid cancers. In addition, as discussed below, recent
evidence shows that human squamous cell carcinoma and
non-small cell lung carcinomas can show overexpression of
TRAFI.

Squamous Cell Carcinoma

In human skin, TRAF1 is expressed at higher levels, as measured
by histology, in actinic keratosis as well as in squamous cell
carcinoma, compared to normal skin (59, 60). Since UV exposure
is thought to contribute to these conditions, Yamamoto et al.
tested the role of UV in induction of TRAF1 in mice. They found
that TRAF1 was induced and persisted after 3 rounds of UV
irradiation. Moreover, TRAF1 was required for carcinogenesis in
a UV-induced mouse skin carcinogenesis model (60).

Non-small Cell Lung Carcinoma

Two recent studies reported that TRAF1 is overexpressed in
human non-small cell lung cancer and that TRAF1 expression
level inversely correlated with patient survival (61, 62). Moreover,
in a urethane-induced mouse model, loss of TRAF1 decelerated
tumor invasion (61). Knocking down TRAFI expression in
human lung cancer cell lines impaired phosphorylation of the
oncogene serine/threonine-protein kinase, BRAE, and affected
TRAF2-mediated BRAF Lys48-linked ubiquitination (61). This
led to decreased BRAF protein, reduction of downstream MEK
and ERK pathway activation and inhibition of growth and
differentiation, ultimately leading to death of the lung cancer cells
(61). In this study, the TNFR family members involved were not
identified, but the studies are consistent with a role for TRAF1
in enhancing TRAF2-mediated signaling in NSCLC. A number
of mutations in the TRAF1 gene have been identified in human
lung cancer and several other cancers and these are discussed
elsewhere in this topic (63).

Frontiers in Immunology | www.frontiersin.org

L

December 2018 | Volume 9 | Article 2969


www.proteinatlas.org
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Edilova et al.

TRAF1 Signaling in Human Health and Disease

AUTOIMMUNITY,
RHEUMATOID-ARTHRITIS ASSOCIATED
SEPSIS, AND CARDIOVASCULAR DISEASE

Genome-wide association studies first identified SNPs in the
TRAFI1-C5locus on chromosome 9 as risk factors for rheumatoid
arthritis (RA) in human patients (64-69). In a study of 400 RA
patients, Panoulas et al. found that TRAF1/C5 SNP rs3761847
GG homozygote status is also associated with an increased risk
of death from sepsis or malignancies but not from cardiovascular
disease in patients with established RA (70). In that study, 43.5%
of deaths were due to infection, with 30% due to cardiovascular
disease and 26% due to malignancy (70). Another study using
an inception cohort of 615 recently diagnosed RA patients did
not find a link between the TRAF1/C5 SNP rs10818488 and
mortality in RA patients or in a non-RA elderly cohort (71). In
this RA cohort (71), the leading cause of death was cardiovascular
disease with only 9% dying from infections. Thus, differences
in causes of death in the different cohorts might have impacted
the results. Note that the rs10818488 SNP studied in (71), is
in linkage disequilibrium, r? value of 0.98, with the rs3761847
SNP studied by Panoulas et al. (70). Interestingly, although the
two aforementioned studies found no link between the TRAF1
SNP and cardiovascular disease, a recent study has suggested
there could be a link. Hessler et al. identified a TRAF1 SNP,
rs2416804 as associated with carotid intima-media thickness, a
marker of early stage atherosclerosis and considered a predictor
of subsequent cardiovascular events (72). rs2416804 is in linkage
disequilibrium with rs3761847, 1> = 0.96. Additional studies
with larger cohorts representing more diverse disease outcomes
will likely be required to resolve these apparent differences in
TRAFI1-associated disease outcomes.

SNPs in TRAFI/C5 have also been implicated in other
inflammatory and  autoimmune conditions, including
autoimmune thyroid diseases, juvenile idiopathic arthritis,
and systemic lupus erythematosus (73-78). As
TRAF1 SNPs are in complete or almost complete linkage
disequilibrium, the exact causative SNP is not known. Thus, it
is not clear if the SNP that affects NHL (55), discussed in the
previous section, is the same as the SNPs that affects rheumatic
disease.

Increased serum levels of TRAF1 correlate with disease
activity and autoantibodies in RA patients. Moreover, SNPs
in the TRAFI-C5 locus may predict the clinical response to
anti-TNF therapy (79, 80). The expression of TRAF1 is also
significantly higher in inflamed and non-inflamed tissues of
patients with inflammatory bowel disease compared to those in
control patients (81). However, as TRAF1 is an NF-«kB induced
gene, the finding of increased TRAF1 in patients with the SNP
may relate to the increased inflammatory activity in the patients
and not to the direct effect of the SNP. Therefore, to address the
role of the TRAF1 SNP in human disease, our group studied
healthy donors with the disease associated or disease resistant
SNP, rs3761847. It was important to use healthy donors for this
study, in order to assess the effect of the SNP on TRAF1 protein
levels, independently of chronic inflammation (32).

several

Surprisingly, our group found that activated T cells as well
as monocyte from healthy donors with the disease associated
SNP had lower levels of TRAF1 than those with the disease
resistant SNP, with an intermediate phenotype in heterozygotes.
This finding was somewhat paradoxical given the positive role
for TRAF1 in enhancing survival of T lymphocytes (11, 13, 14).
However, around the same time our lab had found that Traf1 =/~
mice had increased responses to endotoxin-induced shock (32),
and as this is largely a monocyte induced disease, we decided
to focus our analysis of the TRAF1 SNP on human monocytes.
Consistent with a role for the TRAF1 SNP in inflammation,
monocytes from healthy human subjects with the risk associated-
SNP produce increased amounts of pro-inflammatory cytokines,
including TNF and IL-6 in response to lipopolysaccharide (LPS).
As discussed above, further investigation revealed that TRAF1
attenuated TLR-induced cytokine production by sequestering
LUBAC, thereby limiting linear ubiquitination of NEMO and
limiting NF-kB activation (32). Thus, donors with less TRAF1
protein have enhanced responses to TLR/NLR signaling. These
findings suggest that enhanced inflammation due to innate
immune signaling likely explains the enhanced disease severity
in patients with the risk associated SNP. The findings also
suggest that the effects of TRAFI in limiting innate immune
inflammatory signaling outweigh the effects of TRAFI in
sustaining TNFR superfamily signaling in lymphocytes. Indeed,
in our study, we showed that when T cell stimulation with
anti-CD3 was combined with LPS stimulation of PBMC from
donors with or without the TRAFI risk allele, the effects of
TRAF1 on the TLR signaling pathway dominated (32). Over
the course of a lifetime, one likely has far more exposure
to short-term inflammatory stimuli than to severe infections.
Signaling downstream of the TRAF1-dependent TNFR family
member 4-1BB is dispensable in mild, as compared to severe
influenza infection (82). Thus, the negative regulatory role of
TRAF1 in limiting NF-kB during repetitive exposures to innate
immune stimuli likely has a more profound effect on overall
level of inflammation in humans than the detrimental effects of
slightly lowered TRAF1 on TNFR superfamily-induced T cell
survival, which might only become apparent during more severe
infections.

INFECTIOUS DISEASES

Human Immunodeficiency Virus

During chronic infection, the immune system must be tightly
regulated to avoid pathology. These regulatory mechanisms
include the persistent upregulation of inhibitory receptors such
as PD1 on chronically stimulated T cells, as well as sustained
production of anti-inflammatory cytokines, such as IL-10 and
TGFB (83). As many TNFRs are upregulated on activated
T cells, this raised the question of how TNFR signaling is
regulated during chronic infection. The TNFR family member
4-1BB is a TRAF1 binding TNFR that is normally absent
from resting cells, but induced by TCR signaling, and becomes
persistently upregulated on antigen-stimulated T cells during
chronic infection (84). However, at the chronic phase of chronic
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LCMV infection, 4-1BB does not contribute to viral control, as
its signaling pathway is desensitized due to TGF-B-dependent
TRAF1 degradation in the chronically stimulated CD8T cells
(84). Of note, TRAF1 can be upregulated by common y chain
cytokines, including IL-7, which augments TRAF1 expression in
human and mouse T cells. Moreover, treatment of mice with IL-7
prior to provision of an anti-4-1BB agonist restored responses to
4-1BB and lowered viral load (84).

Early in infection, TRAF1 is highly expressed in CD8 T cells
responding to HIV, consistent with their activated phenotype.
However, with progression of infection, TRAFI levels are
decreased in HIV-specific CD8T cells in donors followed
longitudinally. In a cross-sectional cohort, TRAF1 protein was
higher in HIV-specific CD8 T cells from patients who were able
to control HIV in the absence of drug treatment, so-called
elite controllers, than in chronic progressors (84). Moreover,
the frequency of TRAF1T HIV-specific CD8 T cells in infected
patients inversely correlated with the frequency of PD-1M
exhausted T cells. The importance of TRAFI in the CD8 T cells
from elite controllers was demonstrated by siRNA-knockdown of
TRAFI1, which resulted in decreased ability of the CD8T cells
to eliminate HIV-infected CD4 T cells in an ex vivo co-culture
system. Moreover, knockdown of both TRAF1 and BIM led to
enhanced CD8 T cell activity compared to knockdown of TRAF1
alone, consistent with previous findings that 4-1BB can regulate
BIM through TRAF1-dependent ERK activation (12, 13, 84).

IL-7 therapy has been used in clinical trials to treat HIV-
infected patients whose CD4 T cell counts fail to rebound despite
the successful reduction of viral load by anti-retroviral therapy
(85-88). One such clinical trial offered the opportunity to
monitor TRAF1 levels before or after IL-7 therapy of human
subjects. Although sample size was small, there was evidence that
some donors increased their level of TRAF1 in HIV-specific T
cells as measured 10 weeks after the last IL-7 treatment cycle.
Of interest, the level of TRAFI in the HIV-specific T cells was
strongly associated with the level of phospho-ribosomal protein
S6, pS6, a downstream target of the metabolic checkpoint kinase
mTOR that is associated with cell size. As TRAFI can enhance
MAPK activation downstream of TNFRs, and ERK can enhance
mTOR activation through negatively regulating the negative
regulator TSC2, this suggests that TRAF1 in T cells may be an
important regulator of the mTOR-S6 signaling axis and may
contribute to T cell fitness (89).

Hepatitis C Virus

Hepatitis C infection of humans can result in diverse outcomes,
from full resolution of infection to long-term chronic infection,
which can ultimately lead to liver cirrhosis or hepatocarcinoma.
Moreno-Cubero et al. recently examined Hepatitis C virus
(HCV)-specific CD8" T cells from patients with progressive
infection and those with resolved infection (90). As with
chronic HIV infection, progressive exhaustion during persistent
infection with HCV was also associated with loss of TRAF1
measured directly ex vivo or after in vitro TCR stimulation.
After in vitro T cell receptor stimulation, TRAF1 expression
positively correlated with the levels of IL-7R, Mcl-1, and
CD107a expression and proliferation intensity and negatively

correlating with PD-1 expression. This study also confirmed the
results from the HIV study that IL-7 enhanced, whereas TGF-
Bl impaired TRAF1 expression in CD8T cells from infected
patients. Consistently, the serum concentration of TGF-B1 was
higher in patients with persistent infection than in patients with
resolved infection. Moreover, the authors showed that IL-7 plus
4-1BBL treatment ex vivo could improve T cell responses of
chronically infected patients. In a subset of patients, characterized
by slowly progressing liver fibrosis, in vitro treatment with anti-
PD-L1, in addition to the combination of IL-7 and 4-1BBL, re-
established T cell proliferation in individuals with long-lasting
persistent infection, once again supporting the idea that TRAF1
is a key regulator involved in supporting specific CD8' T cell
responses during chronic viral infection (90).

Epstein-Barr Virus

It has been long established that latent membrane protein-
1 (LMP1) is essential for Epstein-Barr virus (EBV)-mediated
lymphocyte transformation (44, 91, 92). LMPI recruits TRAF
proteins, including TRAFI to mimic CD40 receptor signaling in
EBV-infected B lymphocytes leading to the activation of NF-kB,
MAPK, phosphatidylinositol 3-kinase (PI3-K), IRF7, and STAT
pathways (93). TRAF1 is amongst the most highly expressed
LMP1-induced target genes and is abundantly expressed
in EBV-associated disorders. There is high and consistent
TRAF1 overexpression in EBV-induced lymphoproliferations
and Hodgkin’s disease (44, 94). In addition, many cases of post-
transplant lympho-proliferative disease and related disorders
are TRAF1 positive (92). Siegler et al. showed that TRAF1
co-localizes with LMP1 in EBV-infected cells in tonsillar cells
of infectious mononucleosis patients (95). As discussed earlier,
TRAF1 associates with LUBAC and is modified by MI-
Ub in the LMPI1 signaling complex and this is thought to
enhance IKK recruitment and NF-kB activation in EBV-infected
cells (29).

CONCLUSIONS AND FUTURE
DIRECTIONS

TRAF1 has diverse roles in human health and disease.
TRAF1 contributes to control of chronic viral infection and
can limit inflammation. This suggests that enhancing TRAF1
expression could be beneficial for both chronic infection and
inflammatory diseases. Blocking TGFp or stimulating IL-7 offer
possible interventions for achieving higher TRAF1 in chronically
stimulated T cells. Conversely, TRAFI is dysregulated in cancer,
where it likely contributes to a positive feedback loop that
perpetuates NF-kB signaling and survival of cancers of mature
B cells. TRAF1 also contributes to survival of EBV-dependent
cancers through enhancing LMP1- mediated survival signaling.
Interfering with TRAF1 in this process could break the cycle
of NF-kB activation in these cancers. Human variations in
TRAF1 correlate with increased incidence of rheumatic disease,
increased mortality from sepsis in RA patients, and increased
incidence of NHL. The role of TRAF1 as both a positive and
negative regulator of immune responses can be attributed to its
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participation in diverse signaling pathways. TRAF1 is important
in TNFR superfamily signaling as a complex with TRAF2 and
in TLR/NLR signaling independently of TRAF2. What happens
in a monocyte responding to both a TLR and a TNF signal?
Does TRAF1 limit one and enhance the other simultaneously,
and/or are there separate pools of TRAF1 in the cell that
engage in these different functions? More work is required to
understand how the diverse roles of TRAF1 play out in complex
biological systems in vivo. TRAF1 interacts with LUBAC as both
a substrate in the LMP1 signaling pathway and as an inhibitor
in the TLR signaling pathway, with opposite effects on NF-
kB activation. How the TRAFI-LUBAC interaction results in
distinct outcomes in different signaling complexes will require
a precise understanding of the protein-protein interactions
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The adaptor protein TNF receptor-associated factor 3 (TRAF3) serves as a powerful
negative regulator in multiple aspects of B cell biology. Early in vitro studies in transformed
cell lines suggested the potential of TRAF3 to inhibit signaling by its first identified
binding receptor, CD40. However, because the canonical TRAF3 binding site on many
receptors also mediates binding of other TRAFs, and whole-mouse TRAF3 deficiency
is neonatally lethal, an accurate understanding of TRAF3’s specific functions was
delayed until conditional TRAF3-deficient mice were produced. Studies of B cell-specific
TRAF3-deficient mice, complemented by investigations in normal and malignant mouse
and human B cells, reveal that TRAF3 has powerful regulatory roles that are unique to
this TRAF, as well as functions context-specific to the B cell. This review summarizes
the current state of knowledge of these roles and functions. These include inhibition of
signaling by plasma membrane receptors, negative regulation of intracellular receptors,
and restraint of cytoplasmic NF- kB pathways. TRAF3 is also now known to function as a
resident nuclear protein, and to impact B cell metabolism. Through these and additional
mechanisms TRAF3 exerts powerful restraint upon B cell survival and activation. It is thus
perhaps not surprising that TRAF3 has been revealed as an important tumor suppressor
in B cells. The many and varied functions of TRAF3 in B cells, and new directions to
pursue in future studies, are summarized and discussed here.

Keywords: TRAF, B cell, signal transduction, cytokine, toll-like receptor, TNF receptors, cancer

INTRODUCTION

We will begin with a brief summary of work leading up to the current understanding of the multiple
important roles played by TRAF3 in B lymphocytes; the reader is referred to previous reviews for
information on roles of TRAF3 in other cell types (1-6). TRAF3 was discovered as the first protein
demonstrated to associate with the cytoplasmic domain of the tumor necrosis factor receptor
(TNFR) superfamily member CD40 (7, 8). TRAF3 also binds the C-terminal cytoplasmic domain
of the Epstein Barr virus (EBV)-encoded CD40 mimic, Latent Membrane Protein 1 (LMP1) (9).
It was inevitable that this newly-identified signaling protein would be experimentally deleted from
the mouse germline, the only technology widely available at the time to create “knockout” mice.
As with many broadly-expressed signaling proteins, this whole-mouse germline Traf3 deletion
resulted in early lethality (10), and thus could provide only limited hints of TRAF3 protein function,
particularly for specific mature cell types. Interestingly, however, this initial report suggested
regulation of T-dependent antibody production by TRAF3, a role that was confirmed much later,
when T cell-specific TRAF3-deficient mice were made and analyzed (11).
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TRAF3 Functions in B Cells

As CD40 was the first identified TRAF3 binding receptor,
studies followed examining the role of TRAF3 in CD40 signaling
to B cells. Several groups obtained evidence that TRAF3 plays
an inhibitory role in both CD40 signaling (12-14), as well as
synergistic signaling mediated by cooperation between CD40 and
the B cell antigen receptor (BCR) (15, 16). TRAF3 also inhibits
signaling to B cells by the BAFF receptor (BAFFR) (17).

Pinning down TRAF3’s role precisely was initially prevented
by the highly overlapping nature of the major binding site on
CD40 (and many other TRAF-binding receptors) for TRAFs 1,
2, 3, and 5 (PXQXT) (18). Thus, the available approaches of
mutating the receptor’s binding site, and/or mutating the TRAF3
molecule to prevent receptor binding (creating a “dominant
negative” TRAF3) could provide important information, but
ultimately could not lead to unambiguously interpretable data,
because both strategies impact the nature and stoichiometry of
binding of other types of TRAFs, in addition to TRAF3. The
stoichiometric abnormalities were particularly acute in model
systems using exogenous overexpression of TRAF molecules
and receptors, such as 293 epithelial cells. For example, a
point mutation in the major PXQXT CD40 cytoplasmic domain
motif obviates binding of both TRAFs 2 and 3 in artificial
systems (18), but when this mutant CD40 molecule is expressed
at approximately normal levels in B cells, it binds TRAF3
indistinguishably from WT CD40 (15).

Prior to wide availability of the Cre-Lox system for conditional
deletion of specific genes in B cells (19), the challenge of the
overlapping TRAF binding site was addressed using modification
of gene targeting by homologous recombination, tailored to
use in somatic cell lines, which allows complete and specific
removal of single types of TRAF molecules (20). When this
approach was applied to TRAF3 in B cell lines, a surprising result
was obtained. In B cells inducibly expressing transfected LMP1
plus endogenous CD40, removal of TRAF3 enhances CD40
signaling—consistent with earlier reports—but greatly inhibits
the typically amplified signaling induced by LMP1 in the same B
cells (21). It was subsequently revealed that CD40 and LMP1 bind
TRAF3 in distinct ways, contributing to this striking difference
(22, 23). Thus, TRAF3 can play distinct roles in regulating
signaling to the same cell by different receptors.

Abbreviations: 4E-BP1, eukaryotic translation initiation factor 4E-binding
protein 1; APRIL, a proliferation-inducing ligand; BAD, Bcl-2-associated agonist
of cell death; BAFE, B cell activating factor; BCL, B cell lymphoma; BCMA, B cell
maturation antigen; B-Traf3~/~, mice engineered to lack TRAF3 specifically in
B cells; CREB, cyclic AMP responsive element binding protein; DLBCL, diffuse
large BCL; EBV, Epstein-Barr virus; ERK, extracellular-regulated kinase; Glutl,
glucose transporter 1; HXK2, hexokinase 2; cIAP, cellular inhibitor of apoptosis;
IkB, inhibitor of kappa B; IKK, IkB kinase; IL, interleukin; IFN, interferon; IRE,
IFN response factor; DC, dendritic cells; Jak, Janus kinase; JNK, c-jun kinase;
LMP1, latent membrane protein 1; MAPK, mitogen-activated protein kinase;
MAP3K, MAP kinase kinase kinase; MM, multiple myeloma; NF-kB, nuclear
factor of kappa B; NIK, NF-kB-inducible kinase; NLS, nuclear localization signal;
p70S6K, phospho-ribosomal protein S6 kinase beta-1; PI3K, phosphatidyl inosital
3-kinase; Pim, proviral insertion in murine lymphoma; PTP, protein tyrosine
phosphatase; siRNA, small interfering RNA; Stat, signal transducer and activator
of transcription; TACI, transmembrane and CAML interactor; TCPTP, T cell
protein tyrosine phosphatase; TLR, toll-like receptor; TNFR, tumor necrosis factor
receptor; TNFRSE, TNFR superfamily; TRAE, TNFR-associated factor.

Following discovery of the mitogen-activated protein kinase
kinase kinase (MAP3K) called NF- kB inducing kinase (NIK),
and its important role in activation of the non-canonical/NF-
kB2 pathway by TNEFR superfamily members (24, 25), it was
shown that activation of this pathway by CD40 also involves
NIK (26). While this finding was initially made in 293 epithelial
cell line overexpression models, it was subsequently confirmed
in B lymphocytes (27). Importantly, TRAF3 was revealed to be a
master regulator of NIK stability in multiple cell types, including
B cells (28).

Building upon all these earlier studies, the best information
to date on the multiple roles played by TRAF3 in B cells has
derived from strains of mice lacking Traf3 expression specifically
in B cells. The first two strains of this type were reported in 2007
(29) and 2008 (30); they revealed a newly appreciated critical role
for TRAF3 in restraining B cell homeostatic survival. Consistent
with the previously reported role for TRAF3 in reducing NIK
stability, TRAF3-deficient primary B cells display constitutive
p100 processing and nuclear p52 and Rel B (29). However,
subsequent mice made TRAF3-deficient in T lymphocytes,
dendritic cells, or macrophages all also display constitutive NF-
kB2 activation in the TRAF3-deficient cells, but only TRAF3-
deficient B cells display enhanced survival (11, 31, 32). Thus, in
addition to receptor-specific roles, TRAF3 has cell-type specific
functions, and exerts particularly unique and critical regulation
of signaling pathways in B cells. The current state of knowledge
of these functions and pathways will be discussed in the following
sections, and are summarized in Figure 1.

INTERACTIONS BETWEEN TRAF3, THE B
CELL ANTIGEN RECEPTOR (BCR) AND
TNFR SUPERFAMILY (TNFRSF)
RECEPTORS

Numerous TNFRSF members expressed by B lymphocytes
interact (or potentially interact) with TRAF3. These receptors
include CD27, CD30, BCMA, CD40, BAFFR, TACI, TNFR2, and
4-1BB.

CD40 and CD40*BCR

CD40 is a somewhat unusual member of the TNFRSF
in that it activates both the canonical/NF-kB1 and non-
canonical/NF-kB2 pathways. TRAF proteins play important
roles in regulating signaling pathways activated by CD40 (33).
Following engagement of CD40 by CD154 (CD40L) or agonistic
antibody, the cytoplasmic domain of CD40 binds TRAFI,
TRAF2, TRAF3, TRAF5, and TRAF6 (34). TRAF3 negatively
regulates CD40 signaling in B cells (12). Studies of CD40 and
TRAF mutants in B cell lines indicate that TRAF3 also has a
negative role in regulating synergy between CD40 and the BCR in
activation of antibody and cytokine secretion (15). Transformed
B cell lines deficient in TRAF3 exhibit markedly enhanced CD40-
mediated activation of c-Jun kinase (JNK) and antibody secretion
(21), although CD40-mediated signals (including the activation
of JNK, p38, ERK, NF- kB1, and NF- kB2), in TRAF3-deficient
primary B cells appear only modestly enhanced (29, 30).
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CD40, BAFFR

TRAF2/cIAP
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apoptosis Glucose metabolism

FIGURE 1 | Overview of TRAF3 regulatory pathways in B lymphocytes. Levels of TRAF3 protein and/or its availability in B cells are regulated by cell surface-expressed
receptors, exemplified by CD40, BAFFR, and the viral protein LMP1. TRAF3 is in turn responsible for regulation of the activity of additional signaling proteins in the
cytoplasm and nucleus, including NIK, Pim2, and CREB. Negative regulatory partners or mechanisms are indicated by the crossbar pointers.

TNFR2 (CD120b) biological roles of TRAF3 in 4-1BB signaling in B cells remain
TNFR2 contributes to the activation of antibody secretion by B unclear.

cells, mediating autocrine stimulation of B cells by CD40-induced

TNF (35). TRAF3 is recruited to this receptor (36), and one

role in its regulation of signaling by TNFR2 in B cells may be  ©pD27

in the activation of JNK. TNFR2 activates both the canonical

. ' ) In humans, CD27 is a marker for memory B cells and promotes
and non-canonical NF- kB pathways in B cell lines, although

- i differentiation of B cells to plasma cells; its ligand is CD70 (40).
aCthEl.tIOIl of the canon.lcal p athwaY appears weak (36). TRAF2 In epithelial cells, CD27 has been shown to bind TRAF3 (41, 42),
contributes to NF- kB signaling activated by TNFR2, but TRAF3  (p oo it can potentially inhibit the activation of NF-kB mediated

may contribute as well, as B cells deficient in TRAF2 exhibit by TRAFs 2 and/or 5 (42). As is the case for 4-1BB, how TRAF3
reduced, but not absent, TNFR2-mediated NF- kB2 activation regulates CD27 function in B cells remains undefined.

(36). Further discussion is provided in the section on TRAF3 and
B cell cytokine receptors, below.

CD30
4-1BB (CD137) Small numbers of human tonsillar mononuclear cells are CD30™
While signaling by 4-1BB (ligand = CD137L, 4-1BBL) has B cells. These cells appear to be a subpopulation of B cells that
been evaluated in T cells, the effects of 4-1BB signaling  develop during normal germinal center reactions in lymphoid
in B cells are less well-characterized (reviewed in (37). In  tissue, and share some transcriptional patterns with Hodgkin
mammals, a small population of 4-1BB-expressing B cells  lymphoma cells (43). In non-B cell systems, CD30 can bind
expands with age, and in collaboration with cytotoxic T cells =~ TRAFs 1, 2, and 3 (44, 45). In mouse T cells, engagement of
may be important in slowing tumor growth (38). 4-1BB,  CD30 by its ligand CD30L/CD153 can activate p38, JNK, and
whose expression can be upregulated in B cells by various = NF-kB. Interestingly, a dominant-negative TRAF2 could inhibit
stimuli, is capable of enhancing B cell proliferation and TNF  CD30-induced p38 and JNK activity, but not NF-«kB activation
production [reviewed in (39)]. The cytoplasmic domain of 4-  (46). The role of TRAF3 in CD30 signaling in B cells is currently
1BB binds TRAF1, TRAF2, and TRAF3 (37). However, the  unclear.
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Receptors for B Cell Activating Factor
(BAFF) and a Proliferation-Inducing Ligand
(APRIL)

TRAF3 plays a major role in signaling by at least one of the
receptors for BAFF and APRIL. The cytoplasmic domain of
BAFF receptor (BAFFR/CD268) interacts with at least three
TRAF proteins, TRAF2, TRAF3, and TRAF6 (47). Engagement
of TRAF2/3 by BAFFR leads to proteasomal degradation of
TRAF3 and activation of the non-canonical NF- kB2 pathway
(see section on NF-kB activation below). Targeted disruption
of TRAF3 expression in B cells mimics treatment of normal
B cells with BAFE, resulting in enhanced BAFF-independent B
cell survival (29). However, experiments with mutant TRAF3
and mutant BAFFR molecules reveal that TRAF3 degradation
may be neither necessary nor sufficient for NF-kB2 activation
(48). BAFFR also activates the canonical NF-kB1 pathway in B
cells, and this signaling event is mediated not by TRAF3, but by
TRAF6 (47). Signaling by BAFFR also activates the kinases Syk,
phosphatidyl inositol 3-kinase (PI3K), and ERK in B cells (49,
50). The activation of PI3K appears to be TRAF3-independent
(50).

The TNFRSF receptors, transmembrane and CAML
interactor (TACI) and B cell maturation antigen (BCMA),
are also docking sites for BAFE, and a second TNF family
member, APRIL. TACI is expressed by activated B cells and
plasma cells (51), and interacts with TRAF3 (37). TACI-deficient
mice display a marked increase in overall B cell numbers and
increased antibody production, indicating an important role in B
cell homeostasis (52-54). The role of TACI is complex, however,
and not limited to negative regulation of B cells. In humans, TACI
gene defects are detected in ~8% of all cases of common-variable
immune deficiency (51). TRAF3 inhibits the NF- kB2 pathway
activated by TACI in a human kidney epithelial cell line (14). The
role of TRAF3 in B cell TACI signaling remains to be described.
Function of the BCMA receptor is critical for the long-term
survival of antibody-secreting plasma cells (reviewed in (55, 56).
While BCMA can bind TRAF3 in non-B cell over-expression
systems (57, 58), the role of TRAF3 in BCMA signaling in B cells
is not yet defined.

TRAF3 AND TLRS IN B CELLS

Toll-like receptors (TLRs) comprise a group of 13
transmembrane receptors in mammals, expressed on innate
immune cells as well as B and T cells [reviewed in (59-61)].
These molecules initiate signaling cascades in response to
binding molecules containing certain pathogen or disease
associated molecular patterns, thereby regulating the production
of type I interferons (IFNs) and other cytokines (60, 62, 63).
TRAF6 was initially thought to be the single TRAF involved
in TLR signaling (64), but it later became clear that TRAF3
interacts with the TLR pathway adapter proteins MyD88 and
TRIF, and regulates TLR signaling using alternative pathways for
each (60, 62, 65).

A key finding in the literature showing the importance of
TRAF3 to TLR signaling is a case report describing a patient

with a history of pediatric Herpes simplex viral encephalitis (66).
Genetic analysis showed a single allele amino acid substitution
in TRAF3 that exerted a dominant negative effect by mediating
a decrease in cellular levels of wild-type TRAF3 protein. The
patient’s myeloid cells were poor producers of type I IFNs when
stimulated in vitro with the TLR ligands poly(I:C), LPS or R848,
highlighting the importance of TRAF3 in these responses (66).

In studies utilizing mice with Traf3 deleted specifically in
either dendritic cells (DC) or B cells, it was observed that in
the absence of TRAF3, DCs respond to signaling through TLRs
3,4,7 and 8 with either no change or decreases in IL6, TNF, and
IL-10 (67). TRAF3-deficient DC exhibit a reduced activation-
induced type I IFN response (65, 68). In contrast, TRAF3-
negative B cells show increased production of TNFa, IL-6, and
IL-10 (67). Thus, there is cell-type specific regulation of TLR-
driven cytokine production by TRAF3. This difference extends to
the IFN pathway, with TRAF3-deficient B cells producing more
phosphorylated IFN-response factor 3 (IRF3) and IFNy-induced
protein 10 in response to stimulation through TLRs 3, 4, 7, and
9 (67). Furthermore, B cells lacking TRAF3 also show increased
levels of activation induced deaminase and production of isotype-
switched immunoglobulins in response to TLR stimulation (67).

In mouse macrophages, Traf3 mRNA and protein expression
is increased as a consequence of TLR2 stimulation (69). Increased
TRAF3 levels are critical to enhanced IRF3 activation and IFNp
gene induction in response to subsequent signals through TLRs
3 or 4 (69). Conversely, TRAF3 levels can be depleted in B
cells after engagement of CD40 and BAFFR, via ubiquitination
and degradation of TRAF3 (reviewed in (33). Deubiquitinases
can interrupt the process of TRAF3 degradation (70), as well as
disrupt the function of signaling complexes containing TRAF3
(6). Thus, regulation of TRAF3 protein levels and modifications
can act as a rheostat, affecting the outcome of signaling to B cells
and other cell types via TLRs; the direction of the regulation seen
appears to be both receptor and cell-type-specific.

TRAF3 AND B CELL CYTOKINE
RECEPTORS

As discussed above, TRAF3 serves to regulate TLR signaling to
B cells in various ways, impacting a number of downstream
TLR-induced events, including cytokine production. However,
the involvement of TRAF3 in regulating signals induced by the
receptors for such cytokines is much less understood, particularly
for the cell of focus in this review, the B lymphocyte.

The first known members of the TNFR superfamily are
receptors for the cytokine TNF themselves—TNFR1/CD120a
and TNFR2/CD120b. While CD120a is expressed in modest to
undetectable levels on B cells, CD120b is robustly expressed
(35). The roles played by TRAF2 in signaling to various cells
by CD120b is well-documented [reviewed in (71)], including
signals to B cells, in which TNFR2 plays important roles in
Ig production (35, 36). Because TRAF2 binds CD120b, and
TRAF2 often forms heterodimers with TRAF3, it was predicted
that TRAF3 is also a CD120b-associated protein (71). This
prediction was subsequently confirmed for HEK293 epithelial
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cells transfected with plasmids encoding CD120b and TRAF3;
in this system, TRAF3 inhibits NF-kB and JNK activation
induced by exogenous over-expression of both CD120b and
TRAF2 (72). In B lymphocytes, endogenously-expressed CD120b
also binds TRAF3, and recruits this adapter to membrane
lipid rafts (36). Similar to CD40 signaling to B cells, CD120b
engagement induces both TRAF2 and TRAF3 degradation (36).
However, how B cell TRAF3 regulates CD120b signaling in
lymphocytes remains to be discovered, an important knowledge
gap.

The receptor for the cytokine IL-17 binds TRAF3 when
both the receptor and TRAF3 are exogenously overexpressed in
the fibroblast cell line HeLa or the epithelial cell line HEK293
(73). Using the same model systems, it was subsequently shown
that TRAF3 competes for IL-17 receptor binding with the pro-
inflammatory kinase nuclear Dbf2-related kinase (74). Whether
these associations can be confirmed for endogenous levels of
these proteins in immune cell types will be of great interest for
future investigation.

Conditional Traf3-deficient mice, produced by Cre-Lox
technology (29), revealed two additional cytokine receptors
that are regulated by TRAF3 in lymphocytes. Mice lacking
TRAF3 in T cells have a 2-3-fold increase in natural T
regulatory cells (Treg), attributable to enhanced IL-2 receptor
(IL-2R) signaling to pre-Treg (75). In WT T cells, TRAF3
mediates recruitment of the phosphatase T cell protein tyrosine
phosphatase (TCPTP, also known as PTPN2) to the IL-2R.
TCPTP de-phosphorylates the IL-2R-associated Janus kinase
(Jak) 2 and the transcription factor signal transducer and
activator of transcription (Stat) 5 (75). Thus, in TRAF3-deficient
T cells, there is enhanced Jak2 and Stat5 phosphorylation,
and amplified signaling through the IL-2R (75). It is not
yet known whether IL-2R signaling is altered by TRAF3 in
B cells; given the striking cell-type specificity of TRAF3-
mediated regulation, this is an interesting knowledge gap to be
addressed.

The IL-6R is the cytokine receptor for which we have the
most detailed understanding of the regulatory role for TRAF3 in
B cells to date. Investigation of this relationship was prompted
by the observation that B-Traf3~/~ mice, in addition to their
phenotype of increased homeostatic survival of all B cells (29, 30),
display a 2-3-fold increase in CD138" plasma cells (76). This
increase disappears in B-Traf3~/~ mice bred to IL-6~/~ mice,
although B-Traf3~/~ mice have no increase in IL-6R levels, nor
of serum IL-6 (76). These results implicated IL-6R signaling as
responsible for the enlarged plasma cell compartment. Upon
investigation it was revealed that B cells lacking TRAF3, similar
to the situation with the IL-2R in TRAF3-deficient T cells
described above, show elevated IL-6-induced phosphorylation
of Jakl and Stat3, the signaling molecule pair equivalent to
that of Jak2 and Stat5 for the IL-2R. In both cases, normal
human peripheral blood T or B cells transduced with siRNA
targeting human TRAF3 also display increased lymphokine-
mediated Stat phosphorylation (75, 76). As in T cells, the
mechanistic explanation for this phenotype is that TRAF3 is
recruited to the IL-6R upon cytokine binding, to which it recruits
a phosphatase—in the case of B cell IL-6R, this is PTPN22

(76). Consistent with these results, Ptpn22~/~ mice also display
an increased plasma cell compartment and elevated pStat3
following IL-6 signaling (76). It will be exciting to determine
how widespread this novel role for TRAF3 in recruitment of
phosphatases is, and its specificity in regards to both cell and
receptor type.

REGULATION OF NF- kB CYTOPLASMIC
PATHWAYS

Most, if not all members of the TNFRSF are capable of
activating NF- «kB. In general, family members that interact
with TRAF2 or TRAF6 induce the canonical NF-kB1 pathway
through activation of inhibitor of kappa B (I kB) kinase p
(IKKB) (77). IKKP is responsible for phosphorylating NF-kB
inhibitory IkB proteins, flagging them for poly-ubiquitination
and proteasomal degradation. Destruction of these inhibitors
releases components of the canonical pathway, such as p50,
to transit to the nucleus and initiate transcription of various
genes [reviewed in (78)]. TNFRSF members such as CD40
and BAFFR that bind TRAF3, also often activate the non-
canonical NF-kB2 pathway [reviewed in (79)]. Interestingly, in
this pathway, TRAF3 serves a negative regulatory function crucial
for normal B cell homeostasis [reviewed in (33)]. In the context
of CD40 and BAFEFR signaling, and potentially in signaling by
other receptors that interact with TRAF3, the recruitment of
TRAF3 to the receptor disrupts TRAF3’s inhibitory activity in
the cytoplasm, allowing activation of the NF-kB2 pathway. In
unstimulated cells, TRAF3 forms a complex with TRAF2 and
cellular inhibitors of apoptosis (cIAPs) 1 and/or 2 [reviewed
in (80)]. This complex regulates the MAP3K NF-«kB inducing
kinase (NIK), an enzyme that phosphorylates and activates IKKa,
which in turn is responsible for mediating the phosphorylation
of pl00, a precursor component of the NF-kB2 pathway. In
unstimulated cells, the TRAF3/cIAP1/2 complex induces the
post-translational modification of NIK with K48-linked poly-
ubiquitin, targeting it for proteasomal degradation. This prevents
NIK from contributing to the phosphorylation of pl00 by
activating IKKa, which would otherwise lead to p100 processing
into active p52, an important component of the NF-kB2 pathway.
Engagement of CD40, or other TNFRSF members that interact
with TRAF3, can direct the ubiquitination activity of cIAP1/2 on
to TRAF3 itself, resulting in its ubiquitination and degradation.
The decrease in cytoplasmic TRAF3 leads to accumulation of
NIK in the cytosol, which is then able to process p100, leading
to translocation of p52 (often as a heterodimer with RelB) into
the nucleus [reviewed in (80)]. The degradation of TRAF3 may
not be strictly required for this to occur (48); its redirection
away from NIK may suffice. TRAF3 may also help regulate
the canonical NF-kB1 pathway, by interfering with the binding
of other TRAFs to the cytoplasmic domains of stimulatory
receptors such as CD40 (30). In addition to its regulation of
NF-kB2, NIK appears to regulate NF-kB1 through its activation
of the IKK complex (81). The regulation of NIK levels by
TRAF3 may therefore also modulate NIK-mediated NF-«kB1
activity.
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B CELL TRAF3 AND NUCLEAR
FUNCTIONS

TRAFs, with the exception of TRAF4, are generally considered
to be cytoplasmic proteins, and their function has mostly been
studied with respect to interactions that take place in the
cytoplasm of cells. However, TRAF3, but not other TRAFs,
associates with p62 nucleoporin in a HEK293T epithelial cell
overexpression system (82). Recently B cell TRAF3 was revealed
as a resident nuclear protein; in this role, it functions to
restrain transcriptional activation mediated by cyclic AMP
response element binding protein (CREB), with which it displays
preferentially nuclear association (83). In TRAF3-deficient B
cells, there are increased levels of nuclear CREB. This appears to
be because in WT B cells, TRAF3 recruits TRAF2 to the nucleus
to mediate K48-linked polyubiquitination of CREB, followed by
CREB degradation (83). As a result, the pro-survival CREB target
Mcl-1 is increased at both mRNA and protein levels in TRAF3-
deficient B cells (83). This Mcl-1 increase is consistent with their
enhanced homeostatic survival (29). TRAF3 was also shown to
contain a functional nuclear localization sequence (NLS) in the
TRAFC domain; transfection of TRAF3-deficient B cells with
TRAF3 containing a mutated NLS allowed the generation of cells
with TRAF3 located predominantly in the cytoplasm. These B
cells also show increased CREB-regulated transcription, while
cells transfected with WT TRAF3, present both in the cytoplasm
and nucleus, do not (83). Although our focus in this review is B
cells, it is worth noting that nuclear localization of TRAF3 has
also been identified in endothelial cells and neurons (84-86) and
TRAF3 forms a transcriptional complex with TRAF2, phospho-
RNA Polymerase II and p65/RelA in Neuro2a cells activated
through CD40 (84). CD40 is expressed on antigen-presenting
cells, including B cells, so this result is of particular interest. It
will be interesting and informative to identify additional nuclear
binding partners and functions for TRAF3 in both B cells and
other cell types.

TRAF3 AND B CELL METABOLISM

B lymphocytes are seldom studied as a key cell type regulating
mammalian metabolism, so it is unsurprising that the impact
of TRAF3 upon B cell metabolism is to date an understudied
topic—but one with intriguing initial findings, as described
below. In recent years, manipulation of amounts of TRAF3 in
different cell types revealed TRAF3-mediated regulation of a
number of metabolic events, leading to striking in vivo effects
in animal models. In several mouse models of obesity, genetic
deletion of Traf3 in macrophages and neutrophils alleviates a
number of hallmarks of obesity-related inflammation. These
include insulin resistance, hyperglycemia, glucose intolerance
and hepatic steatosis, as well as liver and adipose tissue
production of inflammatory cytokines. Conversely, the amounts
of these cytokines are increased in the liver and adipose tissue
of lean mice (87). A similar pattern was seen for hepatocyte
TRAF3, which is low in fasted mice, but increased when glucose
levels are elevated by various metabolic manipulations. As with

mice lacking myeloid TRAF3, deletion of hepatocyte TRAF3
reduces metabolic abnormalities seen in obese mouse models,
while overexpression of TRAF3 in the liver induces metabolic
abnormalities and suppresses insulin signaling (88).

Another non-immune cell type in which TRAF3 is reported to
regulate metabolic pathways is neural stem cells. These cells are
of interest because maternal diabetes is associated with increased
neural tube defects, in which caspase-induced apoptosis is
thought to play an important role. Traf3 is a target of microRNA-
322; in a mouse model of diabetes, maternal disease and high
glucose decreases microRNA while Traf3 expression and caspase-
mediated apoptosis of neural stem cells is increased. Use of a
microRNA-322 mimic or inhibition of Traf3 expression blocks
both these effects (89).

In B lymphocytes, TRAF3 functions to restrain rather
than promote glucose metabolism, emphasizing the context-
dependent nature of TRAF3 functions. TRAF3-deficient B cells
express elevated levels of the glucose transporter Glutl and the
glycolytic enzyme Hexokinase 2 (HXK2) (90). This is relevant to
the frequent loss of TRAF3 function in B cell malignancies (see
below), and also with the well-discussed roles of HXK2, Glutl,
and glucose metabolism in many types of cancers [reviewed
in (91, 92)]. Consistent with their overexpression of Glutl
and HXK2, TRAF37/~ B cells show enhanced glucose uptake
both in vitro and in vivo (90), as well as increased anaerobic
glycolysis and oxidative phosphorylation, without changes in
reactive oxygen species or mitochondrial mass (90). Interestingly,
although the enhanced viability of TRAF3™/~ B cells is not
abrogated by deficiency in the TRAF3-regulated kinase NIK
(48), TRAF3-controlled Glutl levels and glucose uptake return
to normal if TRAF3-deficient B cells are also rendered NIK-
deficient (90).

Increased glucose utilization by TRAF3~/~ B cells does
contribute to their increased homeostatic survival, however, and
renders them more sensitive than TRAF37/* B cells to death
induced by glucose deprivation (90). Human B cell lymphoma
(BCL) cell lines also display an inverse correlation between Glutl
and TRAF3 expression, and cell lines with relatively lower TRAF3
expressed show increased sensitivity to glucose deprivation (90).
As described above, B cell TRAF3 is a resident nuclear protein
that induces degradation of CREB, hence inhibiting transcription
of CREB-promoted survival proteins, such as Mcl-1 (83). In
the absence of glucose, this upregulation of Mcl-1 induced by
TRAF3 deficiency is abrogated (90). Thus, B cell TRAF3 as a
metabolic reprogramming protein has particular relevance for B
cell malignancies, discussed in more detail below.

TRAF3-MEDIATED REGULATION OF PIM2
AND C-MYC

As described above, TRAF3 limits B cell survival by altering the
stability of key kinases and transcription factors through post-
translational modification. Recently, it was found that TRAF3
also inhibits expression of the transcriptionally-regulated pro-
survival kinase proviral insertion in murine lymphoma 2 (Pim2)
(93, 94), a kinase required for the cytokine BAFF to promote B
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cell survival (95). Interestingly, Pim2 is overexpressed in multiple
human cancer types (96, 97), including the B cell malignancies
most frequently associated with TRAF3 deficiency—multiple
myeloma (MM) and B cell lymphoma (BCL) (98, 99). TRAF3-
deficient primary B cells, as well as MM and BCL cell
lines, display an inverse relationship between TRAF3 and
Pim2 protein levels (93, 94). TRAF3-deficient B cells have
enhanced phosphorylation of the Pim2 targets Bcl-2-associated
agonist of cell death (BAD), phospho-ribosomal protein S6
kinase beta-1 (p70S6K), and eukaryotic translation initiation
factor 4E-binding protein 1 (4E-BP1) (93, 94), which abrogates
BAD-induced apoptosis (100), and relieves p70S6K and 4E-
BP1 -mediated translational repression (101). Transcription-
independent elevation of the proto-oncogenic protein c-Myc
is also observed in TRAF3-deficient B cells. This increase
is associated with a striking decrease in K48-linked poly-
ubiquitination of c-Myc in these cells. Interestingly, siRNA to
Pim2 also reduces these increased levels of c-Myc (93, 94).
Consistent with this relationship, combined pharmacological
targeting of c-Myc and Pim2 proved significantly more effective
in promoting B cell apoptosis than either alone, and TRAF3-
deficient B cells are especially sensitive to these drugs (93, 94).
The reported cardiac toxicity of single-agent Pim inhibition has
limited its clinical utility (102); combining Pim inhbitors at
lower doses with c-Myc inhibition could potentially address this
problem, particularly in TRAF3-deficient B cell malignancies.

TRAF3 AND B CELL MALIGNANCIES

Human TRAF3 mutations associated with B cell malignancies
were first described in the plasma cell cancer, MM; the nature
of such mutations is such that they are expected to be loss-of-
function alternations (103, 104). It is now reported that TRAF3
is one of the top ten mutated genes found in ~ 65% of cases of
human MM (105); overall, 15-20% of human MM display TRAF3
mutations. TRAF3 gene mutations or loss have also been reported
in Hodgkin’s disease (106), Waldenstrom’s macroglobulinemia
(107) and various types of BCL (108). The percentage of BCL
with TRAF3 mutations or deletions varies among studies, but
up to 15% of human Diffuse Large BCL (DLBCL) examined
show TRAF3 genetic changes (109-111). Monoallelic deletions of
TRAF3 are the most common finding (107, 109, 110) and these
deletions tend to be large, with mapped deletions from 13 human
DLBCL showing a minimum common region of about 600 kb
(110). A recent paper analyzing DLBCL by genetic subtype based
on clusters of genetic changes showed that TRAF3 gene loss is
frequently, although not exclusively, associated with mutations
in BCL6 and Notch2 (BN2 subtype) and Notchl (N1 subtype) of
DLBCL (111). Non-Hodgkin lymphomas are the most common
cancers in pet dogs (110). An examination of 84 such canine
BCL showed an unexpectedly high 44% bearing Traf3 mutations,
with 30% of these being somatic changes and 14% single-allele
germline mutations (110).

As discussed above and elsewhere in this issue, TRAF3
protein plays an important role in the regulation of B cell
NF-kB2 activity. Thus, it is not surprising that TRAF3 gene

deletions and mutations in human B cell cancers correlate with
an increased NF-kB transcriptional signature (104, 107, 112).
However, enforced expression of the NF-kB2-activating kinase
NIK in mouse germinal center B cells does not lead to rapid
development of BCL, unless Bcl6 over-expression is also enforced
(109). Consistent with this finding, mice engineered to lack
TRAF3 in their B cells (B—Traf3_/ ~), described in earlier sections,
do not develop spontaneous BCL until ~ 8 months of age (113).

In B-Traf3~/~ mice, B cells exhibit an abnormally long
lifespan, resulting in accumulation of B cells in various tissues
(29). In these mice, NF-kB2 activity is constitutively elevated
in B cells (29). However, as mentioned earlier, the enhanced
B cell lifespan is due not only to NF-kB2 activity, but also to
other factors, including enhanced CREB activity, with the latter
resulting in increased expression of the pro-survival protein Mcl-
1 (83). These mice, with Traf3 deleted in the transitional stage
of B cell development using CD19%™ (29), are particularly prone
to develop high grade marginal zone BCL with high penetrance
(113), consistent with their especially high accumulation of
marginal zone B cells (29). These BCL are monoclonal or
oligoclonal (113), indicating that absence of Traf3 is not in itself
sufficient to cause BCL, but the enhanced viability such loss
confers upon B cells is likely to potentiate their extended survival
in the presence of additional mutations.

While TRAF3 genetic loss is associated with B cell
malignancies, this is not the only mechanism by which a B
cell can become TRAF3 protein-deficient, with the tumor-
predisposing consequences discussed above. Our laboratory
recently reported the results of TRAF3 protein staining of several
100 human DLBCL samples, which revealed that more than
30% of these BCL had low to undetectable TRAF3 protein
expression (114). It was previously demonstrated that the EBV
transforming protein LMP1 binds TRAF3 with considerably
enhanced affinity, compared to the normal cellular receptor that
it mimics, CD40 (21, 23). Thus, we examined whether B cell
expression of LMP1 is associated with sequestration of TRAF3
in the plasma membrane, resulting in decreased availability of
TRAF3 to downregulate various pro-survival signaling pathways
discussed above; this was found to be the case (114). It is
also well-documented that signaling to B cells via CD40 or
BAFFR leads to poly-ubiquitination and degradation of TRAF3
[reviewed in (33)]. A decrease in TRAF3 protein expression in B
cell tumors without detectable TRAF3 gene changes could thus
also be the result of chronic signaling through CD40 or BAFFR,
or other receptors that activate TRAF3 degradation. This is an
intriguing possibility for future investigation. Thus, many more
B cell cancers may be impacted by the biologic pro-survival
impact of TRAF3 deficiency than even the significant number
impacted by TRAF3 gene loss.

CONCLUSIONS

Although prior reviews have discussed TRAF3 functions in
general [e.g., see (115, 116)], the underlying assumption has
been that functions defined in one cell type or model system
apply to all cell types and TRAF3-binding receptors. However,
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as discussed in the present review, while some roles for
TRAF3 overlap between cell types, there are many and varied
biological roles for this pleiotropic signaling protein that are quite
context-specific. TRAF3 is particularly important in regulating
B lymphocytes, due to its B-cell-specific role in restraining
homeostatic survival. As discussed above, TRAF3 also has
many additional roles in B cell biology (Figure 1), many of
which contribute to its increasingly-appreciated function as a
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Skeletal health is maintained by bone remodeling, a process in which microscopic sites of
effete or damaged bone are degraded on bone surfaces by osteoclasts and subsequently
replaced by new bone, which is laid down by osteoblasts. This normal process can
be disturbed in a variety of pathologic processes, including localized or generalized
inflammation, metabolic and endocrine disorders, primary and metastatic cancers,
and during aging as a result of low-grade chronic inflammation. Osteoclast formation
and activity are promoted by factors, including cytokines, hormones, growth factors,
and free radicals, and require expression of macrophage-colony stimulating factor
(M-CSF) and receptor activator of NF-kB ligand (RANKL) by accessory cells in the bone
marrow, including osteoblastic and immune cells. Expression of TNF receptor-associated
factor 6 (TRAF6) is required in osteoclast precursors to mediate RANKL-induced
activation of NF-kB, which is also necessary for osteoclast formation and activity.
TRAF3, in contrast is not required for osteoclast formation, but it limits RANKL-induced
osteoclast formation by promoting proteasomal degradation of NF-kB-inducing kinase
in a complex with TRAF2 and cellular inhibitor of apoptosis proteins (ClAP). TRAF3
also limits osteoclast formation induced by TNF, which mediates inflammation and joint
destruction in inflammatory diseases, including rheumatoid arthritis. Chloroquine and
hydroxychloroquine, anti-inflammatory drugs used to treat rheumatoid arthritis, prevent
TRAF3 degradation in osteoclast precursors and inhibit osteoclast formation in vitro.
Chloroquine also inhibits bone destruction induced by ovariectomy and parathyroid
hormone in mice in vivo. Mice genetically engineered to have TRAF3 deleted in osteoclast
precursors and macrophages develop early onset osteoporosis, inflammation in multiple
tissues, infections, and tumors, indicating that TRAF3 suppresses inflammation and
tumors in myeloid cells. Mice with TRAF3 conditionally deleted in mesenchymal cells
also develop early onset osteoporosis due to a combination of increased osteoclast
formation and reduced osteoblast formation. TRAF3 protein levels decrease in bone and
bone marrow during aging in mice and humans. Development of drugs to prevent TRAF3
degradation in immune and bone cells could be a novel therapeutic approach to prevent
or reduce bone loss and the incidence of several common diseases associated with

aging.
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INTRODUCTION

The skeleton provides support for propulsion by skeletal muscles
as well as vital protection for internal organs, including the
brain and heart. It is also a repository for calcium and other
elements that get deposited in bone as it mineralizes during bone
formation and are released from bone when it is being remodeled.
In this way, bone participates in the control of calcium levels in
the blood and tissues (1) to mediate numerous cellular functions,
including contraction of skeletal and cardiac muscles (2). Bone
remodeling is a normal physiological process that maintains
skeletal integrity after skeletal development by removing small
foci of damaged or effete bone from bone surfaces and replacing
them with new bone (3, 4). By this mechanism, the skeleton is
continuously renewed throughout life.

During embryonic development, bone is formed by
osteoblasts, specialized mesenchyme-derived cells that lay
down layers (lamellae) of matrix composed of mainly type 1
collagen (3, 5), which is mineralized a few days later. Numerous
other non-collagenous proteins are also deposited in the bone
matrix, including osteocalcin, sialoproteins, glycoproteins,
proteoglycans, TGFB, bone morphogenetic proteins (BMPs)
and fibroblast growth factors (FGFs) (6, 7). These proteins
and minerals are released from bone during bone resorption
and in increased amounts in numerous pathologic processes
in which bone destruction is elevated. They can influence the
behavior of cells in the bone microenvironment and outside
the skeleton, particularly in pathologic processes in which
remodeling is increased (5, 8, 9). During development, long
bones are formed initially in cartilage molds roughly in the
shape that the bones will have before birth (3). The cartilage is
resorbed by TRAP-positive osteoclasts, but it is also removed
by chondroclasts, poorly characterized tartrate-resistant acid
phosphatase (TRAP)-negative cells that perform this function in
mice in the absence of RANKL or RANK expression (10, 11). This
is based on remodeling and removal of the much of the cartilage
in bone metaphyses beneath growth plates and its replacement
by bone in the absence of TRAP-positive cells in RANKL ™/~
and RANK—/— (Figure 1) mice (10, 11). Growth plates form
at the proximal and distal ends of embryonic long bones.
These plates consist of columns of small resting proliferating
chondrocytes and larger hypertrophic chondrocytes, which lay
down matrix that calcifies at the interface between them and the
bone marrow (3). This calcified matrix is resorbed and replaced
by bone, which also is calcified. Hypertrophic chondrocytes
express RANKL to attract osteoclast precursors from adjacent
sinusoids in the marrow (10), and like osteoblastic cells, they
also express osteoprotegerin (OPG) (12, 13), a decoy receptor
for RANKL, that prevents RANKL binding to RANK to limit
osteoclast formation (4, 10). 1, 25 dihydroxy Vitamin D3, BMP2
and Wnt/f-catenin signaling proteins also are expressed by these
chondrocytes in which they regulate expression of RANKL (10).

In the adult skeleton, bone remodeling begins with removal
of microscopic foci of calcified bone matrix by osteoclasts,
which form trenches on bone surfaces, called resorption lacunae.
Osteoclast formation requires expression of M-CSF and RANKL
by accessory cells in the bone microenvironment and of their

receptors by osteoclast precursors (4, 14). Signaling downstream
from these receptors regulates the differentiation of osteoclast
precursors into osteoclasts as well as the resorptive activity
and survival of osteoclasts. The M-CSF receptor is a tyrosine
kinase that phosphorylates and activates downstream signaling
molecules (15). In contrast, RANK does not possess kinase
activity and recruits TRAFs, which are adaptor proteins that
form complexes that activate mitogen-activated protein kinases
(MAPKs), NF-kB and activator protein-1 (AP-1) signaling (16).
TRAFs play important positive and negative regulatory roles in
RANKL-induced osteoclast formation and activation (16, 17)
in normal bone remodeling and in many pathologic processes
affecting the skeleton in which bones can weaken to the point
where they can fracture readily. This review will briefly describe
the mechanisms that regulate bone remodeling, with emphasis on
osteoclast formation in normal and pathologic processes, and the
roles that TRAFs play in osteoclast and osteoblast formation and
function, focusing on the evolving roles of TRAF3.

BONE REMODELING

In response to normal wear and tear and mechanical forces and
the aging process, bone is continuously remodeled in the adult
skeleton by a process in which damaged or effete microscopic
portions of bone are removed by osteoclasts and subsequently
are replaced by new bone, which is laid down by osteoblasts
(3, 18, 19). On trabecular surfaces of spongy (cancellous) bone,
bone remodeling units (BRUs) are trench-shaped structures that
osteoclasts form by degrading the matrix. They erode to a mean
depth of ~60 Lm and then tend to work their way along lamellae
of collagen, which were laid down previously by osteoblasts,
and typically create relatively smooth-bottomed trenches during
normal remodeling. The bases of these trenches are marked
by the reversal line, a dark line seen in sections stained with
H&E and other stains. Osteoclastic resorption is less orderly
in pathologic processes in which resorption rates are increased,
resulting in reversal lines that are typically irregular and can give
the bone a mosaic pattern, seen most classically in Paget’s disease
of bone (20). Osteoclasts also remodel the more dense cortical
bone that encases and protects spongy bone by forming roughly
circular tunnels through it. These tunnels are almost completely
filled in with new bone to form structures called osteons, which
have a small central nutrient artery and vein. This remodeling
process involves complex interactions between osteoclastic and
osteoblastic cells that couple bone formation to these sites of
resorption where coupling factors released from the bone matrix
and by osteoclasts attract osteoblast precursors to the site (5).

To initiate bone resorption, osteoclasts first produce
hydrochloric acid, which dissolves the mineral in bone, and
then they secrete metalloproteases, which breakdown the
collagenous matrix (10). Osteoclasts secrete HT ions through
protons pumps and CI~ ions pass through chloride channels on
the cell membrane on their undersurface adjacent to calcified
bone (10, 21). Mutations in the genes involved in matrix
demineralization and dissolution account for the majority of
human cases of osteopetrosis (3, 10, 21, 22). The osteoclast cell
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the RANK ™/~ tibia.

FIGURE 1 | Normal and osteopetrotic tibial bones from wild-type and RANK™/~ mice. The upper panels are H&E-stained longitudinal sections of tibiae from

4-weeks-old mice showing a normal growth plate and underlying metaphyseal trabecular bone and bone marrow from a wild-type mouse (left panel) and a thickened
growth plate and unremodeled osteopetrotic bone (yellow arrow) filing the medullary cavity from a RANK =/~ mouse (right panel). The lower panels are TRAP-stained
sections of the bone beneath the growth plate showing TRAP-positive (red, arrow) osteoclasts in the wild-type tibia and absence of osteoclasts and TRAP staining in

wtly plate:
¥ i é";‘c'

membrane folds to form finger-like processes called the ruffled
border that greatly increases the cell surface area for secretion
of bone-degrading acid and enzymes (10, 21). Osteoclast cell
membranes form a roughly circular tight junction with the
bone surface around the ruffled border, called the sealing zone,
which effectively creates an enclosed extracellular lysosomal
compartment that protects cells in resorption lacunae from the
low pH (~5.5) under the cells. The main osteoclast proteolytic
enzyme, cathepsin K, functions most effectively at this pH to
degrade the matrix after the mineral has been dissolved (10, 21).
Degraded matrix particles are passed through the osteoclast
cytoplasm to the outer surface of the cell from which they
are released into the resorption lacunae (23), where there are
nutrient-carrying afferent sinusoids as well as efferent sinusoids
that remove these particles to the bloodstream (10). The lacunae
appear to be covered by a thin collagenous membrane called a
canopy that isolates the lacunae to protect the adjacent bone
marrow from the resorptive process (24). Osteoclasts die by

apoptosis in the deepest parts of BMUs behind the advancing
edges for the resorption lacunae (25, 26), and cytokines released
from bone resorption, such as TGFB1 promote osteoclast
apoptosis (27) and attract osteoblast progenitors to the site (28),
while macrophages (29) appear to be involved in preparation of
the resorbed surface for new bone formation by osteoblasts.

There are estimated to be >1 million BRUs (also called
basic multicellular units; BMUs) in the normal adult
skeleton, and their numbers increase in many pathologic
conditions in response to increased production of cytokines,
hormones and growth factors. In many of these conditions,
including infections (30, 31), inflammatory/auto-immune
diseases (e.g., rheumatoid arthritis) (32), endocrine disorders
(20, 33), and metastatic cancers (34, 35) that spread to
bone, these factors typically increase bone resorption
and inhibit bone formation, leading to generalized bone
loss (osteoporosis) or to localized, radiologically lytic
lesions.
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REGULATION OF OSTEOCLAST
FORMATION AND FUNCTION

Osteoclasts are multinucleated cells that form by fusion
of hematopoietic myeloid precursors typically in the bone
marrow adjacent to bone surfaces. They can be recognized
in H&E-stained sections, and more readily in sections stained
histochemically for tartrate-resistant acid phosphatase (TRAP),
which osteoclasts secrete (Figure 1). Expression of TRAP is not
required for normal bone resorption, but serum TRAP levels
correlate positively with the level of skeletal resorption (36).
Osteoclast precursors are formed in the bone marrow and are
attracted from there into the bloodstream by sphingosine-1
phosphate (S1P) (37), which is produced in large amounts by
red blood cells. They are attracted back into the bone marrow to
resorption lacunae by RANKL (10, 38) expressed by osteoblastic
and immune cells. They are also recruited by CXCL12/SDF1
(39) and by S1P (40), expressed by osteoblastic/stromal cells and
osteoclasts, respectively.

Osteoclasts can also form outside the skeleton in a variety
of pathologic lesions in humans, including the relatively
common giant cell tumor of tendon sheath and the closely
related pigmented villonodular tenosynovitis [(41); Figure 2].
Mesenchymal cells in these soft tissue lesions express RANKL
and M-CSF (42), which presumably attract osteoclast precursors
from the bloodstream and induce their differentiation into
osteoclasts. Osteoclasts can also be observed, sometimes in large
numbers, in a small percentage of primary carcinomas (43, 44),
including breast, lung, pancreas, and bladder, and in some soft
tissue sarcomas, but the molecular mechanisms that induce
their formation in these lesions are unknown. Macrophages,
like osteoclasts, are derived from myeloid precursors and
can comprise up to 40% of the cells in malignant tumors.
Tumor cells attract and activate these macrophages (45), which
are called tumor-associated macrophages (TAMs). TAMs have
multiple functions, some supportive of tumor cell growth and
invasion (46), others inhibitory (47). Macrophage/monocytes
are also present in benign lesions, including giant cell tumor
of tendon sheath and pigmented villonodular tenosynovitis.
Some of these cells fuse to form the multinucleated osteoclasts
in these lesions, but others can fuse to form TRAP-negative
polykaryons [Figure2; (48)] and these multinucleated cells
do not resorb bone. TRAP-negative giant cells can form in
numerous other pathologic settings in response to a variety of
factors, including cholesterol from dead normal or tumor cells
(Figure 2), foreign agents, such as some bacteria and viruses,
and surgically implanted graft materials, and their function in
these conditions is to degrade them. It is possible that osteoclasts
and their mononuclear precursors, like TAMs, have positive or
negative influences on the behavior of malignant cells in tumors
outside the skeleton, but this has not been studied to date.

M-CSF is expressed by osteoblast lineage cells in the
bone marrow and induces expression of RANK by osteoclast
precursors, which further differentiate and fuse with one another
to form osteoclasts in response to RANKL (5, 10). RANKL
is expressed in BMUs in the bone marrow by accessory cells,
including osteoblastic/stromal cells (5, 18), B lymphocytes (49)
and T lymphocytes (4, 10, 50, 51). RANKL is also expressed and

secreted by osteocytes (52, 53), the most abundant cells in bone.
Osteocytes start their existence as matrix-forming osteoblasts on
bone forming surfaces. Most osteoblasts die by apoptosis when
their matrix forming mission has been completed (26), but some
of them become embedded within the uncalcified matrix, called
osteoid, as it is being formed, and the others remain on the bone
surface as flat lining cells. When osteoid becomes mineralized,
osteoblasts remain “trapped” and form osteocytes in the calcified
bone until they are released during a subsequent remodeling
cycle. Osteocytes have numerous dendritic processes that allow
them to communicate with each other within the bone and with
lining cells on the surfaces of fully calcified bone (54). It is
believed that, as a result of this syncytial arrangement, osteocytes
can respond to mechanical forces and detect areas of bone that
have become damaged and need to be removed by osteoclasts
(54).

Osteocytes express both cell membrane-bound and secreted
form of RANKL (52). Interestingly, osteocyte-derived RANKL
is not required for the formation and activation of osteoclasts
that resorb bone during embryonic development in mice, but it
is required for normal bone remodeling in the adolescent and
adult mouse skeleton (53, 55). RANKL also activates osteoclasts
and maintains their survival along with M-CSF in resorption
lacunae for up to ~30 days, the average lifespan of osteoclasts.
Mice and humans deficient in RANKL, RANK or M-CSF
or its receptor c-fins develop osteopetrosis (10, 22), which is
characterized by failure of removal of mineralized bone matrix
from the medullary cavities of long bones and vertebrae during
embryonic development (Figure 1). Consequently, osteopetrotic
bones are radio-opaque on X-ray and have a typical diagnostic
club-shape to their ends because the resorption of cortical bone
on the periosteum at metaphyses that gives the ends a concave
configuration does not occur. Despite their sclerotic appearance,
osteopetrotic bones are weaker than normal bones (22), because
the bone formed during development is typically composed of
woven, rather than lamellar bone, which is stronger than woven
bone.

Osteoblast precursors, like osteoclast precursors, appear to
circulate in the blood and are attracted to BMUs by molecules
released during bone resorption, including various cytokines,
chemokines and growth factors (56), and other osteoclast
products, including S1P and collagen fragments (57). Osteoblasts,
derived from mesenchymal precursors in the bone marrow,
positively and negatively regulate osteoclast formation and
activation: osteoblast precursors (presumably at the advancing
edges of BMUs) and osteocytes express M-CSF and RANKL
to drive and maintain resorption (5, 10). Osteoblast precursors
destined to become osteoblasts appear to be attracted to the
deeper parts of BMUs after osteoclasts undergo apoptosis.
At this site, they form a layer of cells on the lacunar
surface and lay down lamellae of bone matrix. Osteoblasts
and osteocytes also express osteoprotegerin (OPG), a decoy
receptor for RANKL that binds to RANKL and prevents it from
binding to RANK to limit osteoclast formation and activation
(10, 58). They also express other factors, including Leucine-
rich repeat-containing G-protein-coupled receptor 4 (LGR4),
a recently identified additional receptor for RANKL (59) that
also competes with RANK. LGR4 activates Gaq and GSK3-8
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FIGURE 2 | Osteoclasts and multinucleated foreign-body type giant cells in giant cell tumor of tendon sheath. Left-hand panels show H&E-stained sections of a giant
cell tumor of tendon sheath with a mix of collagenous stroma, mononuclear cells and osteoclasts (black arrows) in the lower halves of the images and cholesterol
clefts (blue arrows) with multinucleated giant cells (yellow arrows) below an area of necrosis in the tumor in the upper halves. The right-hand panels show low and high
power images of the lesion with TRAP-positive osteoclasts and TRAP-negative multinucleated giant cells associated with the cholesterol clefts.

signaling, which suppresses expression and activity of NFATc1
(59), a transcription factor required for osteoclast formation
(10, 58). The precise details of which subsets of osteoblastic
cells promote and inhibit osteoclast formation and where
they are located precisely in resorption lacunae remain to be
determined. Osteoclasts and their precursors can also positively
and negatively regulate osteoblast formation (3, 5), but exactly
where these subsets of cells are located in BMUs also remains to
be determined.

THE RANKL/RANK/OPG SIGNALING
SYSTEM IN OSTEOCLAST FORMATION
AND ACTIVATION

RANKL expression by osteocytes and accessory cells in bone
marrow attracts osteoclast precursors from the bloodstream to
resorption lacunae where expression of RANK by precursors is
increased in response to M-CSF (60). RANK expression is also
induced in osteoclast precursors by the transcription factors,
PU.1 and microphthalmia-induced transcription factor (MITF)
(61, 62) during the early stages of commitment of these cells
to osteoclast differentiation, as well as by IL-34 (63), Wnt5a
(64), and TNF (10, 65), which is the major inflammation-
inducing cytokine in RA. Many of the accessory cells that express
RANKTL also express OPG to limit osteoclast formation, and the
relative concentrations of these cytokines appear to be a major

determinant of the level of bone resorption in normal and disease
states (3, 58). A human monoclonal antibody to RANKL has been
approved by the FDA for the treatment of a variety of osteolytic
bone diseases, including osteoporosis, metastatic bone disease,
and multiple myeloma (66, 67).

RANK is expressed by a growing number of cell types
in addition to immune cells in bone marrow. These include
dendritic cells, which are activated by RANKL expressed by T
cells, mammary gland milk-producing cells (58), which fail to
develop in RANKL ™/~ and RANK~/~ mice during pregnancy,
and consequently mutant mothers are unable to feed their pups.
Breast and prostate cancers in humans also express RANK (58),
and RANKL/RANK signaling has been implicated in breast
cancer metastasis to bone. A few cases of RANK deficiency
have been reported in humans (68), but activating mutations in
TNFRSF11A (the gene encoding RANK) are more common (68).
These are associated with early-onset (juvenile) Pagets disease
of bone, familial expansile osteolysis and expansile skeletal
hyperphosphatasia (69, 70).

OPG is secreted by osteoblasts in response to most of
the factors that promote RANKL expression by these cells
and in this way it limits osteoclast formation, activity and
survival, and the subsequent bone destruction (58). OPG is
also expressed by cells in numerous other organs, including
the heart, liver, kidney, and spleen, and has been implicated
in cardiovascular disease, diabetes, and hypertension (71).
Homozygous partial deletions of TNFRSF11B (the gene encoding
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OPG) have been reported in some patients with juvenile Paget’s
disease, resulting in osteoporosis and increased risk of fractures
(72). An inactivating deletion in exon 3 of TNFRSFIIB is
associated with increased bone turnover and deformities of long
bones, acetabular protrusion, and kyphosis in some children with
idiopathic hyperphosphatasia, an autosomal recessive disease
(3,73).

Wnt/B-catenin signaling regulates osteoblast formation and
differentiation from MSCs (74), but it also regulates osteoclast
formation. For example, Wnt5a induces RANK expression in
osteoclast precursors (64) and canonical Wnt/f-catenin signaling
promotes OPG expression by osteoblastic cells (75). In addition,
Wnt3a (76) and Wntl6 (75, 77) limit osteoclast formation
not only through canonical Wnt signaling, but also through
non-canonical signaling by inhibiting RANKL-mediated NF-
kB-induced NFATcI expression. Wnt4a also inhibits osteoclast
formation. Wnt4a prevents the formation of a RANKL-
induced TRAF6-Takl-Tab2 complex and instead promotes
formation of a Takl-Tab2-NIK complex, thereby limiting NF-
kB p65 nuclear translocation. Through these actions Wnt4a
inhibits ovariectomy-induced osteoporosis (76, 78). In addition,
activation of P-catenin signaling in early OCPs promotes
their differentiation into osteoclasts, but inhibits OC formation
in more differentiated precursors (79). Thus, Wnt signaling
can have positive and negative regulatory roles in osteoclast
formation and activation.

ROLES FOR TRAFS AND NF-«kB
SIGNALING IN OSTEOCLAST FORMATION
AND ACTIVATION

RANK is a member of the TNF superfamily of receptors, which
lack intrinsic protein kinase activity to activate downstream
signaling. These receptors recruit a number of proteins to their
cytoplasmic domains, including TRAFs, to mediate downstream
signaling. In response to RANKL, RANK recruits TRAFs 1,
2, 3, 5 and 6 in OCPs (10, 58); of these, only TRAF6
appears to be necessary for osteoclast formation, since only
TRAF6~/~ mice are osteopetrotic. Two lines of TRAF6~/~
mice were generated independently, and surprisingly one has
no OCs, while the other has many osteoclasts that do not
resorb bone (10, 58), suggesting that TRAF6 has essential roles
in both OC formation and activation. Why these knockout
mice have different OC phenotypes has not been explained, but
this may reflect different knockout strategies. RANKL/RANK
signaling through TRAF6 activates several pathways in OCPs to
promote their differentiation and activation. These include NF-
kB, c-Jun N-terminal kinase (JNK), c-myc, and phospholipase
Cy/calcineurin/NFATcl (10, 58).

NF-kB signaling was discovered unexpectedly to be essential
for osteoclast formation before the discovery of RANKL or
RANK when p50/p52 double knockout were generated. These
mice formed no osteoclasts or TRAP-positive mononuclear
cells in their bone marrow cavities, which were filled with
unremodeled trabecular bone, typical of severe osteopetrosis
(80, 81). Subsequent studies showed that the defect in RANKL-
induced osteoclast formation from precursor cells in the double

knockout mice could be prevented in vitro by overexpression
of c-fos or NFATcl, indicating that c-fos or NFATcl acts
downstream of NF-«B signaling (82). Other pathways activated
by RANKL/RANK/TRAF6 signaling mediate activation of
osteoclasts, including Src and mitogen-activated protein kinase
kinase 6 (MKK6)/p38/MITE, and to prevent their apoptosis, for
example Src and ERK (10, 58).

TRAF2~/~ mice die during embryonic development or within
2-3 weeks after birth (83, 84), similar to TRAF3~/~ mice
(85), making examination of the roles of these TRAFs in
skeletal development and in post-natal osteoclast and osteoblast
formation challenging. TRAF2™/~ and TRAF3~/~ mice were
reported to have normally formed, but shorter limbs than their
WT littermates, suggesting that they were not osteopetrotic.
Using fetal liver transplantation as a source of osteoclast
precursors from TRAF2~/~ mice, another group reported that
TRAF2 is required for full TNF-, but not RANKL-induced
osteoclastogenesis (86), consistent with TRAF2 having a non-
essential function in osteoclastogenesis. Mice deficient in TRAFs
1, 4, and 5 appear to have normal skeletal development (87, 88).

ROLES FOR TRAF3 IN OSTEOCLASTIC
CELLS

RANKL efficiently processes non-canonical NF-kB protein
p100 into p52 and thus induces full osteoclast differentiation.
In contrast, TNF does not efficiently process p100 to 52
and this limits osteoclast differentiation (89). Interestingly,
TRAF3 protein levels parallel those of pl00 during osteoclast
differentiation. For example, TNF increases pl00 and TRAF3
protein level, associated with limited osteoclast formation, while
RANKL induces degradation of TRAF3 protein leading to
processing of pl00 to p52 and lower pl00 levels, associated
with increased osteoclast formation (89), consistent with TRAF3
negatively regulating osteoclast formation by preventing p100
processing into p52. Indeed, knockdown of TRAF3 expression
promoted TNF induction of osteoclast formation, associated
with increased levels of NF-kB inducing kinase (NIK) and
enhanced pl00 processing to p52 (89). Consistent with this,
over-expression of TRAF3 inhibited RANKL-induced osteoclast
formation, associated with decreased pl00 processing to p52,
decreased NIK, RelB and RelA levels as well as a decrease in
the osteoclast formation markers, NFATc1 and c-Fos (17). This is
consistent with previous studies showing that TRAF3 suppresses
both canonical and non-canonical NF-kB signaling (90, 91) and
that transgenic mice over-expressing a form of NIK that lacks the
TRAF3 binding domain develop osteoporosis due to increased
osteoclast formation and activity (92).

Ubiquitination is a common pathway for protein
degradation, which can be carried out by proteasomes or
lysosome/autophagosomes. Original studies indicated that the
proteasome inhibitor, MG-132, did not prevent RANKL-induced
TRAF3 degradation (89), but different lysosomal inhibitors,
including chloroquine (CQ) and NH4Cl, blocked RANKL-
induced degradation of TRAF3 (17). Similarly, the autophagy
inhibitors, bafilomycin and 3-Methyladenine, also prevented
RANKL-induced TRAF3 degradation. Consistent with this,
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RANKL promoted TRAF3 co-localization with LAMP2, which
CQ blocked (17).

To further explore the role of TRAF3 in osteoclasts, Xiu
et al. (17) generated mice with TRAF deleted in osteoclast
lineage cells by crossing TRAF3/1 mice with lysozyme M
and cathepsin K“° mice. Lysozyme M targets all myeloid
precursor cells, including osteoclast precursors, while cathepsin
K targets committed osteoclast precursors and osteoclasts since
it is expressed by these cells and is the main metalloproteinase
secreted by osteoclasts to dissolve bone matrix. They found that
both lines of mice with conditional deletion of TRAF3 had
normal skeletal development and phenotype, but they developed
early onset osteoporosis due to increased osteoclast formation
and activity (17). Treatment of bone marrow macrophages
from both lines of transgenic mice with M-CSF and low
doses of RANKL resulted in more and larger osteoclasts,
which formed earlier than that from wild type littermate mice.
These transgenic mice developed more severe bone loss after
ovariectomy, but unlike in wild type mice, chloroquine did
not prevent ovariectomy-induced bone loss and the associated
increased osteoclastogenesis (17). Other investigators have
generated these mice using lysozyme M® mice and reported
that 68% of mice aged 15-22-months-old developed various
chronic inflammatory lesions, infections or tumors, including
B cell lymphomas (93), indicating that TRAF3 in myeloid cells
has anti-inflammatory and anti-neoplastic functions. TRAF3
levels decrease in monocytes from humans during aging due to
proteasomal degradation (94), and Li et al. have reported that
TRAF3 levels decrease in bone in mice during aging (95).

Chloroquine has been used for decades to treat and prevent
malaria and is still used in some parts of the world as a first-
line anti-inflammatory drug for autoimmune diseases, including
RA and systemic lupus erythematosus. Hydroxychloroquine
replaced chloroquine in the 1970s and 80s in the US and Europe
as an anti-inflammatory drug. Hydroxychloroquine also inhibits
bone resorption in vitro and in vivo (96). Thus, chloroquine
or its analogs, including hydroxychloroquine could potentially
be used to treat osteoporosis and other osteolytic diseases,
particularly if they could be targeted to bone and away from
other tissues to reduce side effects, which limit the amount of
these drugs that can be administered to patients. To this end,
Yao et al. generated bone-targeted conjugates of chloroquine and
hydroxychloroquine by linking them to a bisphosphonate, which
has high binding affinity for hydroxyapatite, but minimal or no
anti-osteoclastic activity (97). Bone-targeted chloroquine more
effectively inhibited osteoclast formation and bone resorption in
vitro and in vivo than chloroquine (97). They are currently are
testing these in vitro and in vivo in models of RA and age-related
bone loss.

TRAF3 IN TNF-INDUCED OSTEOCLAST
FORMATION

TNE like RANKL, induces osteoclast formation by sequentially
activating NF-«kB/c-fos/NFATc1 signaling (82) and enhancing
IkB-a phosphorylation in osteoclast precursors (98). Unlike

RANKL, TNF recruits TRAF2, but not TRAF6 to its receptors
(86, 99). In fact, TRAF6 appears to negatively regulate TNF-
induced canonical NF-kB signaling, based on enhanced
TNF-induced expression of IL-6, CXCL1 and GM-CSF in
TRAF6-deficient mouse embryonic fibroblasts, associated
with enhanced IkB kinase activation and IkB-a degradation
(100). We and others have reported that TNF can induce
osteoclast formation from WT, RANKL™/~, and RANK~/~
osteoclast precursors in vitro as well as in vivo in RANKL™/~
and RANK™/~ mice when the mice are also deficient in
the inhibitory NF-kB protein, p100, which limits osteoclast
formation (89, 101). These findings indicate that TNF can
induce osteoclast formation independent of RANKL. In
contrast, other investigators reported earlier that priming
of precursors by RANKL was necessary for TNF induction
of osteoclastogenesis (102). This discrepancy may reflect
differences in the in vitro approaches used by these labs. Despite
this controversy, TNF stimulates the expression of RANKL by
accessory cells as its major mechanism to indirectly enhance
bone resorption, as evidenced by the report that synoviocytes
appear to be the major source of RANKL in inflamed joints in
RA (14). In contrast to RANKL signaling, which causes TRAF3
degradation, TNF signaling increases protein levels of TRAF3
in osteoclast precursors to limit osteoclast formation (89). As
a result, RANKL promotes non-canonical NIK-mediated p100
proteasomal processing to p52, while TNF does not (89). In
addition, TNF dose-dependently reduces RANKL-induced
osteoclast formation in vitro by increasing pl00 protein levels
in osteoclast precursors (89). Interestingly, RANKL signaling
also reduces TNF-induced TRAF3 levels to enhance osteoclast
differentiation in the absence of TRAF6 (98). Consistent with
this, deletion of TRAF3 in osteoclast progenitor cells enhanced
TNF-induced osteoclast formation (98). Thus, TRAF3 and
pl00 can combine to limit osteoclastogenesis induced by
TNE, which also induces expression of other inhibitors of
osteoclastogenesis, including IRF-8 and the Notch-induced
RPB-Ji (103).

ROLES FOR TRAF3 IN OSTEOBLASTIC
CELLS

More recently, the role of TRAF3 has also been investigated in
osteoblast progenitors by crossing TRAF3%/! mice with Prx1¢r
mice (95). Prx1 targets mesenchymal progenitor cells, including
osteoblastic and chondroblastic cells. These conditional
knockout (cKO) mice have normal skeletal development and
bone mass until at least 3-months of age, but they develop early
onset osteoporosis by 9-months-old through a combination of
increased bone resorption and decreased bone formation (95).
A role for TRAF3 in mesenchymal cells has not been reported
previously, and the mechanisms whereby TRAF3 protects
against age-related bone loss are under investigation. However,
these recent findings suggest that therapeutic prevention of
TRAF3 degradation in vivo could increase bone mass in a variety
of diseases by preventing bone destruction and promoting bone
formation.
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FIGURE 3 | RANKL signaling induces TRAF3 degradation to promote osteoclast formation. A TRAF3/TRAF2/clAP complex constitutively induces ubiquitination (Ub)
and proteasomal degradation of NIK in unstimulated osteoclast precursors. As a consequence, p100 and RelB remain in the cytoplasm in an inactive complex with
the inhibitory NF-«B protein, IKKa (left panel). RANKL binding to RANK induces ubiquitination and autophagolysosomal degradation of TRAFS, allowing accumulation
of NIK, which phosphorylates and activates IKKa. IKKa then phosphorylates p100, leading to its proteasomal processing to p52. As a result, p52/RelB dimers
translocate to the nucleus of osteoclast precursors to promote osteoclast formation (right panel).
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FIGURE 4 | Mechanisms influencing TRAF3 functions and degradation in osteoclast and osteoblast precursors. Multiple pathologic processes and aging can increase
production of cytokines, such as TNF, IL-1 and IL-6 (1), to increase production of RANKL by accessory cells, including mesenchymal progenitor (MPCs), osteoblastic
(OB), and T and B lymphocytes (2). RANKL binding to RANK in osteoclast precursors results in TRAF3 ubiquitination and lysosomal degradation (3), thus allowing
NF-kB-inducing kinase (NIK) to mediate proteasomal processing of p100 to 52 (4) and formation of p52/RelB heterodimers to promote osteoclast formation and bone
resorption (5). Inhibitors of lysosomal degradation, such as chloroquine, can prevent degradation of TRAF3, which will promote NIK degradation and inhibit osteoclast
formation (7). TRAF3 expression in MPCs also promotes their differentiation into OBs and limits their production of RANKL to maintain bone formation and restrict
bone resorption (8).
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SUMMARY

Normal skeletal development and bone remodeling require the
formation and activation of osteoclasts, which are derived from
myeloid precursors in the bone marrow. Osteoclasts are formed
and activated in response to RANKL, which is expressed by
osteoblastic and immune cells in bone. RANKL activates NF-
kB signaling in osteoclast precursors by recruiting TRAF6 to
its receptor, RANK, and this leads to activation of a number of
signaling pathways in these cells that induce osteoclast formation
and activation. RANKL signaling also induces autophagosomal
degradation of TRAF3 by TRAF2 and cIAPs (Figure 3). This
facilitates osteoclast formation by inhibiting TRAF3-induced
proteasomal degradation of NIK and promoting p100 processing
to p52. Mice with TRAF3 conditionally deleted in osteoclast
precursor cells develop early-onset osteoporosis due to increased
osteoclast formation. Inhibition of TRAF3 degradation by the
autophagosomal inhibitor drug, chloroquine, inhibits osteoclast
formation and prevents ovariectomy-induced osteoporosis in
mice. The finding that mice with TRAF3 deleted in mesenchymal
precursors have increased bone resorption and decreased bone
formation, points to TRAF3 having a positive regulatory role
in osteoblastic precursors that could be targeted therapeutically
to not only inhibit bone resorption, but also stimulate bone
formation in common diseases associated with decreased bone
mass. These findings suggest that drugs, like chloroquine or
cIAP antagonists (104), that inhibit TRAF3 degradation could
prevent bone destruction by inhibiting osteoclast formation
and stimulating bone formation by enhancing mesenchymal
progenitor cell differentiation into osteoblasts in a variety of bone
diseases (Figure 4).

FUTURE DIRECTIONS AND GAPS IN
KNOWLEDGE

Chloroquine or hydroxychloroquine are FDA-approved drugs
for the treatment of autoimmune diseases, including rheumatoid
arthritis, and may not be ideal drugs to treat age- or menopause-
related bone loss because of their known side effects, including
blindness that can affect up to 1% of patients, that limit
the doses that can be administered (105, 106). Nevertheless,
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The tumor necrosis factor receptor (TNF-R)-associated factor (TRAF) family of
cytoplasmic adaptor proteins regulate the signal transduction pathways of a variety of
receptors, including the TNF-R superfamily, Toll-like receptors (TLRs), NOD-like receptors
(NLRs), RIG-I-like receptors (RLRs), and cytokine receptors. TRAF-dependent signaling
pathways participate in a diverse array of important cellular processes, including the
survival, proliferation, differentiation, and activation of different cell types. Many of these
TRAF-dependent signaling pathways have been implicated in cancer pathogenesis. Here
we analyze the current evidence of genetic alterations of TRAF molecules available from
The Cancer Genome Atlas (TCGA) and the Catalog of Somatic Mutations in Cancer
(COSMIC) as well as the published literature, including copy number variations and
mutation landscape of TRAFs in various human cancers. Such analyses reveal that both
gain- and loss-of-function genetic alterations of different TRAF proteins are commonly
present in a number of human cancers. These include pancreatic cancer, meningioma,
breast cancer, prostate cancer, lung cancer, liver cancer, head and neck cancer, stomach
cancer, colon cancer, bladder cancer, uterine cancer, melanoma, sarcoma, and B cell
malignancies, among others. Furthermore, we summarize the key in vivo and in vitro
evidence that demonstrates the causal roles of genetic alterations of TRAF proteins
in tumorigenesis within different cell types and organs. Taken together, the information
presented in this review provides a rationale for the development of therapeutic strategies
to manipulate TRAF proteins or TRAF-dependent signaling pathways in different human
cancers by precision medicine.

Keywords: TRAFs, cancer, oncogenes, tumor suppressor genes, NF-kB, MAPK

INTRODUCTION

The tumor necrosis factor receptor (TNF-R)-associated factor (TRAF 1-7) family of cytoplasmic
adaptor proteins regulates the signal transduction pathways of a variety of receptors, including
the TNF-R superfamily, Toll-like receptors (TLRs), NOD-like receptors (NLRs), RIG-I-like
receptors (RLRs), and cytokine receptors (1-4). TRAF proteins function as both adaptor proteins
and E3 ubiquitin ligases to regulate receptor signaling, leading to the activation of canonical
and noncanonical nuclear factor-kBs (NF-kB1 and NF-kB2), mitogen-activated protein kinases
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(MAPKs: ERK1/2, JNK1/2, and p38), or interferon-regulatory
factors (IRFs: IRF3, IRF5, and IRF7) (1-4). The TRAF-
dependent signaling pathways participate in a diverse array of
important cellular processes, including the survival, proliferation,
differentiation, activation, and stress responses of different cell
types (1-4). Many of these TRAF-dependent signaling pathways
have been implicated in cancer pathogenesis.

With the rapid progress made in next-generation deep
sequencing technology and the tremendous efforts put forth
on whole genome/exome/transcriptome sequencing and copy
number variation (CNV) analyses of cancers at the post-genome
era, it has become increasingly clear that genetic alterations of
TRAF proteins are commonly present in various human cancers.
Here we analyze the current evidence of genetic alterations
of TRAF molecules available from the Cancer Genome Atlas
(TCGA) (5) and the Catalog of Somatic Mutations in Cancer
(COSMIC) (6) as well as the published literature, including
the landscape of genetic alterations and the map of recurrent
mutations in TRAF molecules in different types of human
cancers. Moreover, we summarize the key in vivo and in vitro
evidence that demonstrates the causal roles of genetic alterations
of TRAF proteins in tumorigenesis within different cell types
and organs. Collectively, the information presented in this
review identifies TRAF proteins and TRAF-dependent signaling
pathways as important therapeutic targets in specific human
cancers.

TRAF1

Landscape of Genetic Alterations

According to the TCGA and COSMIC datasets of sample size n
> 100, the frequency of genetic alterations of TRAF1I is generally
<4% in human cancers (Figure 1A). The eight human cancers
with relatively higher genetic alterations of TRAFI are pancreatic
cancer (3.7%) (7), skin cutaneous melanoma (2.9%) (TCGA,
PanCancer Atlas), esophageal cancer (2.8%) (TCGA, PanCancer
Atlas), stomach cancer (2.7%) (8), sarcoma (2.4%) (9), ovarian
cancer (2.3%) (TCGA, Provisional), lung cancer (2.3%) (10), and
prostate cancer (2%) (TCGA, Provisional). The most common
genetic alterations of TRAFI are gene amplification (copy gain)
and mutation. Deep deletion (copy loss) is less common but
also detected in several types of human cancers (Figure 1).
Truncation is rare for TRAFI in human cancers.

Overview and Map of Recurrent Mutations

To date, there are 139 different mutations of the TRAFI
gene detected in human cancers, comprising 80% (111/139)
mutations that alter the protein sequence of TRAFI and 20%
(28/139) coding silent mutations (Table 1). In the TRAF family,
TRAFI1 has the lowest count of recurrent mutations. Only
29% (32/111) of the coding-altering mutations of TRAFI are
recurrent and have been detected in at least two patients with
various cancers. Almost all the recurrent mutations of TRAF]I are
missense mutations (94%, 30/32) except one nonsense mutation
(truncation) and one fusion (Tablel and Figure2). These
recurrent mutations occurred across 24 different amino acids that
are distributed in all the major domains of the TRAF1 protein

(Figure 3). Interestingly, missense mutations of two specific
amino acids are detected in more than three patients: R70C or H
in the linker between the Zinc finger and the coiled-coil domain,
and M182I of the coiled-coil (also known as TRAF-N) domain of
the TRAFI protein (Figure 3). The R70 mutations are detected in
4 patients with stomach, colon, and colorectal cancers (TCGA)
(11-13). M182I is documented in 4 patients with melanoma and
chronic lymphocytic leukemia (CLL) (14, 15). The functional
significance of R70C/H and M182I mutations of TRAFI remains
to be determined.

Fusion

There is only one fusion of the TRAFI gene detected in human
cancers, the TRAFI-ALK fusion that has been detected in five
patients with anaplastic large cell lymphoma (ALCL) (16-19).
All five cases contain the identical in frame fusion of TRAFI
and ALK that generates a chimeric protein linking the N-
terminal 1-294 aa of TRAFI to the entire intracellular domain
of ALK (1,058-1,620 aa), including its kinase domain (16-19).
Interestingly, expression of the TRAF1-ALK fusion protein leads
to constitutive activation of the ALK and NF-kB pathways as
demonstrated by the elevated levels of phosphorylated ALK
(pALK) and STAT3 (pSTAT3) as well as nuclear p50 NF-«kB1
and p52 NF-kB2 in ALCL cells (18). Similar to wild type (WT)
TRAF1, the TRAF1-ALK fusion protein also binds to TRAF2
in co-immunoprecipitation experiments (18), suggesting the
involvement of TRAF2 in the activation of NF-kB pathways.
Furthermore, treatment of patient ALCL cells expressing the
TRAF1-ALK fusion protein with proteasome inhibitors that
decrease NF-kB1/2 or a selective ALK inhibitor (CEP28122)
results in significant inhibition on lymphoma growth but could
not eradicate lymphoma cells (18). Thus, constitutive activation
of NF-kB1/2 pathways contributes to the neoplastic phenotype of
TRAF1-ALK-expressing ALCL.

In vivo Causal Oncogenic Roles

Gene amplification is the most common TRAFI genetic
alteration in human cancers. TRAFI expression is ubiquitously
elevated in skin squamous cell carcinoma (SSCC), non-small
cell lung cancer (NSCLC), Hodgkin lymphomas (HLs) and non-
Hodgkin lymphomas (NHLs) (20-25). Notably, TRAFI protein is
consistently elevated in B cell leukemias and lymphomas without
evidence of gene amplification (1, 23). In this case, TRAFI
upregulation might be the result of epigenetic alterations and/or
aberrant activation of NF-kB1/2, as TRAFI is a direct target gene
of NF-kB (23, 26, 27). Interestingly, TRAF1 expression levels
are increased in chronic lymphocytic leukemia (CLL) cells from
patients with refractory disease, suggesting a role for TRAFI
in the progression of this disease and in the development of
chemoresistance (23). Furthermore, genetic association studies
identify TRAFI as a susceptibility gene for risk of CLL
(28). Thus, human evidence implicates TRAFI as a candidate
oncogene. Indeed, in vivo evidence obtained from mouse models
demonstrates the causal oncogenic roles of TRAFI in the skin,
lung, T cells, and B cells (Table 2). TRAF1~/~ mice exhibit
increased skin sensitivity to TNFa-induced necrosis and reduced
skin tumor formation induced by DMBA/chronic solar UV
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FIGURE 1 | Landscape of genetic alterations of the TRAF family in human cancers. (A) Representative results retrieved from TCGA. For each TRAF gene, eight
/3

cancer types that exhibit relatively higher frequency of genetic alterations were selected and datasets with relatively larger sample size (n > 100)
(B) Frequent genetic alterations recognized in the published literature. Genetic alterations shown include deep deletion (copy number loss),

mutation, frameshift insertion or deletion, and in frame insertion or deletion), truncation (nonsense mutation)

size of each dataset is indicated on top of each bar in the graphs.
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TABLE 1 | Summary of the number of different types of mutations of TRAF proteins detected in human cancers.

Type of mutation TRAF1 TRAF2 TRAF3 TRAF4 TRAF5 TRAF6 TRAF7
Al Recurrent All Recurrent All Recurrent All Recurrent All Recurrent All Recurrent All Recurrent
CODING ALTERING
Missense 96 30 168 75 166 75 86 39 137 49 132 38 281 161
Frameshift 7 0 13 10 41 21 6 1 8 2 6 1 15 5
Truncation 5 1 9 4 23 9 8 3 9 5 9 2 8 3
In frame deletion 0 0 5 2 2 1 2 1 2 1 1 0 8 2
In frame insertion 0 0 0 0 0 0 0 0 0 0 0 0 2 0
Splice mutation 2 0 5 0 7 1 2 0 4 0 4 0 6 2
Fusion 1 1 5 1 14 1 1 0 0 0 0 0 6 1
Subtotal 111 32 205 92 253 108 105 44 160 57 152 41 326 174
CODING SILENT
Synonymous 24 5 25 24 18 1 24 23 5 39 7
Intronic mutation 4 1 7 0 3 0 0 0 4 2 3 11 2
Total 139 38 237 95 280 114 123 45 188 64 178 46 376 183

radiation (UVR) (20, 29). Mechanistically, TRAF1 enhances the
ubiquitination of ERK5 and is required for UVR-induced ERK5
phosphorylation and the expression of AP-1 family members (c-
Fos/c-Jun) in keratinocytes and epithelial cells (20). TRAF1~/~
mice also show reduced lung tumorigenesis induced by i.p.
administration of urethane (30). In this lung cancer model,
TRAF1 affects TRAF2-mediated K48-linked ubiquitination and
degradation of BRAF, and thereby promotes the survival and
proliferation of lung cancer cells (30). Consistent with studies
of the TRAF1-ALK fusion protein in ALCL, transgenic mice
overexpressing TRAFI in T cells exhibit decreased antigen-
induced apoptosis of CD8T cells (35), while TRAF1~/~ mice
display impaired survival and altered proliferation of T cells
in response to the 4-1BB-NF-kB2 and T cell receptor (TCR)-
NF-kB1 signaling pathways, respectively (29, 31-34). In line
with the evidence of TRAFI overexpression in HLs and NHLs,
TRAFI deficiency inhibits the spontaneous development of
small B cell lymphoma in a transgenic mouse model that
expresses the human lymphoma-associated NF-kB2 mutant
p8OHT specifically in lymphocytes (p80HT tg mice) (Table 2)
(27). Taken together, these findings identify TRAFI as a
therapeutic target in skin cancer, lung cancer, and T cell and B
cell lymphomas.

Key Oncogenic Pathways

In addition to the above TRAFI-dependent oncogenic pathways
(ERK5-AP1, BRAF-ERK, NF-kB1, and NF-kB2) that have been
verified in both human cancers and in vivo mouse models, several
oncogenic pathways involving TRAF1 have been suggested by
studies using patient samples, cultured human cancer cells or
xenograft models. These include: (1) CD30-TRAFI in HL and
ALCL tumors (22, 91); (2) TNF-R1/2-TRAF1/TRAF2-JNK/NF-
kB in cervical and colon cancer cells (92); (3) Wnt/B-catenin-NF-
kB-TRAF1/iNOS in colon, breast and liver cancer cells (93, 94);
and (4) TWEAK-Fn14-TRAFI in solid tumors (95-97). Further

investigation of these signaling pathways using TRAF1~/~ or
TRAFI-transgenic animal models would provide new insights on
the roles and mechanisms of TRAFI in cancer pathogenesis.

TRAF2

Landscape of Genetic Alterations

The frequency of genetic alterations of TRAF2 is generally <6%
in human cancers (Figure 1A) based on the TCGA and COSMIC
datasets of sample size n > 180. The eight human cancers with
relatively higher genetic alterations of TRAF2 are prostate cancer
(5.5%) (98), ovarian cancer (5.1%) (TCGA, Provisional), uterine
cancer (4.4%) (TCGA, PanCancer Atlas), esophageal cancer
(3.9%) (TCGA, PanCancer Atlas), skin cutaneous melanoma
(3.4%) (TCGA, PanCancer Atlas), head and neck squamous cell
carcinoma (HNSCC, 3.2%) (TCGA, Provisional), bladder cancer
(3.2%) (TCGA, PanCancer Atlas), and stomach cancer (3.1%)
(8). Notably, although not cataloged in TCGA, mutations of
TRAF2 are recognized as one of the most frequent somatic
mutations in mantle cell lymphoma (MCL, 6.1%, 10/165) (99-
101) and diffuse large B-cell lymphoma (DLBCL, 6%, 6/101)
(Figure 1B) (102). In addition, TRAF2 has been identified as an
oncogene that is recurrently amplified and rearranged in 15%
of human epithelial cancers (Figure 1B) (103). Thus, the most
common genetic alterations of TRAF2 are deep deletion, gene
amplification and mutation (Figure 1). Truncation and fusion
of TRAF?2 are relatively rare but also detected in human cancers
(Figure 1).

Overview and Map of Recurrent Mutations

There are 237 different mutations of TRAF2 detected in human
cancers, comprising 86% (205/237) mutations that change the
protein sequence of TRAF2 and 14% (32/237) coding silent
mutations (Table 1). Notably, 45% (92/205) of the coding-
altering mutations of TRAF2 are recurrently detected in at least
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FIGURE 2 | Overview of recurrent mutations of the TRAF family in human cancers. Recurrent mutations of the TRAF family that are identified in at least 2 cancer
patients are summarized in this figure. The composition of recurrent mutation types are shown in a pie graph for each TRAF gene. The total count of recurrent
mutations and the actual count of each category of recurrent mutation for each TRAF gene are indicated in each pie graph.
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two cancer patients. Recurrent mutations of TRAF2 are more
complex than those of TRAFI, including not only missense
mutations (82%, 75/92), but also frameshifts (11%, 10/92),
truncations (4%, 4/92), in frame deletions (2%, 2/92) and fusion
(1%, 1/92) (Table 1 and Figure 2). TRAF2 recurrent mutations
are identified at 52 different amino acids that are almost evenly
distributed in all the structural motifs and domains of the
TRAF2 protein (Figure 3). Interestingly, four mutation hotspots
of TRAF2 are detected in more than 5 cancer patients, specifically
P9, G10, R372, and Q457 (Figure 3). In particular, the frameshift
deletion occurred at P9 (P9fs*77) is found in 16 patients with
colon cancer, colorectal cancer (CRC), uterine cancer, stomach
cancer, and sarcoma, and an additional missense mutation at
P9 (P9S) is also detected in a CRC patient (TCGA) (12, 104-
108). The amino acid right next to P9, GI10, also exhibits
similar frameshift deletion (G10fs*76) or insertion (G10fs*70)

or missense mutation (G10D) in five patients with colon cancer,
CRC, gallbladder cancer, and glioblastoma (TCGA) (105, 106,
109). Missense mutations at R372 (R372C, H or S) of the TRAF-C
domain of TRAF2 are detected in eight patients with HNSCC,
melanoma, and prostate, uterine, cervical, stomach, and liver
cancers (TCGA; COSMIC) (110-113). Another amino acid of
the TRAF-C domain, Q457, shows complex mutations, including
a truncation (Q457*), a frameshift insertion (Q457fs*277), and
missense mutations (Q457K or L) in six patients of HNSCC, oral
squamous cell carcinoma (OSCC), stomach cancer, melanoma,
and breast cancer (TCGA; COSMIC) (8, 114). Frameshift
mutations occurring at P9 and G10 are functionally equivalent
to deletion of TRAF2. Missense mutations at R372 and the
complex mutations at Q457 of the TRAF-C domain of TRAF2
are predicted to result in inactivation of the TRAF2 protein
(99-102).
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Mutation color code:
Mutation count: 2-3
Mutation count: 4-5

Il Mutation count: 6-10

Il Mutation count: >10

in ovarian cancer (106) and NTRK2-TRAF2 in melanoma (115).
Among these, only the TRAF2-CCDCI83 fusion is recurrently
detected in two patients with breast cancer and bladder cancer
(TCGA). Functional contribution of these TRAF2 fusions to

cancer pathogenesis is currently unclear.

e Frameshift mutation
X In frame deletion
{3 Mixed alterations
+ Nonstart
FIGURE 3 | Map of recurrent TRAF mutations of human cancers on the TRAF proteins. The distribution of recurrent mutations on the domain structure of each TRAF
5

protein is depicted in this figure. The domain structures of TRAF proteins shown include the zinc RING (Zn RING), zinc fingers (Zn Fingers), coiled-coil (TRAF-N)

O Missense substitution
0O Truncation

Mutation symbol code:

. Coiled-coil (TRAF-N) domain
l Nuclear localization signals

. ZnRING l Zn Fingers
@ TRAF-C domain

(0 wo4o repeats

Domain structure:
code and the patient count is indicated by a color code as shown at the bottom legend of the figure. The actual amino acid changes are also given for each recurrent

domain, TRAF-C domain, nuclear localization signals, and WD40 repeats. For each recurrent mutation, the nature of the mutation is indicated by a mutation symbol
mutation: letter change, missense mutation; *, Nonsense mutation (truncation); fs*, frameshift insertion or deletion; del, in frame deletion.

There are five different fusions of the TRAF2 gene detected
in human cancers, including TRAF2-CCDCI83 in breast

and bladder cancers, TRAF2-CACNAIB in bladder cancer,
TMEMI141-TRAF2 in breast cancer (TCGA), TRAF2-NOTCH1
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In vivo Tumor Suppressive Roles

Inactivating mutations of TRAF2 are frequently detected in
human MCL and DLBCL, resulting in elevated activation of
NF-kB1 and NF-kB2 in malignant B cells (99-102). TRAF2 is
also involved in human MALT lymphomagenesis induced by the
oncogenic cIAP2-MALT1 fusion protein through the interaction
between TRAF2 and the BIR1 domain of cIAP2 portion of
the fusion protein, leading to activation of the TRAF2-RIP1-
NF-«kB pathway (116). Consistent with the human evidence, B
cell-specific TRAF2™/~ (B-TRAF2™/~) mice exhibit expanded
B cell compartment in lymphoid organs due to constitutive
NF-kB2 activation and survival advantage independent of
the B cell survival factor BAFF (Table2) (117). Similarly in
TRAF2DN-tg mice that express a dominant negative form of
TRAF?2 specifically in lymphocytes (Igh-TRAF2DN), inhibition
of TRAF2 also leads to splenomegaly and lymphadenopathy due
to constitutive NF-kB2 activation and increased numbers of B
cells (40, 42). Remarkably, TRAF2DN/Bcl-2 double-transgenic
mice spontaneously develop small B cell lymphoma progressing
to leukemia with many similarities to human CLL (Table 2) (41,
42). Thus, TRAF2 acts as a tumor suppressor in B lymphocytes
primarily by inhibiting the NF-kB2 pathway through the well-
established cIAP1/2-TRAF2-TRAF3-NIK axis (48, 54, 118).

Genetic alterations of TRAF2 are detected in 1-2% of human
liver cancers, including deletion, mutation and amplification
(TCGA, PanCancer Atlas) (119). In human hepatocellular
carcinoma (HCC), low expression of TRAF2 and its interacting
partner RIP1 is associated with an unfavorable prognosis (43).
In line with human evidence, deletion of both TRAF2 and
RIP1 in liver parenchymal cells (LPC) leads to spontaneous
development of hepatocellular carcinoma, which results from
extensive hepatocyte apoptosis due to hyperactivation of caspase-
8 but impaired NF-kB activation induced by TNFa (Table 2) (43).
Interestingly, TRAF2 also suppresses TNFa-induced necroptosis
in hepatocytes by constitutively interacting with MLKL, thereby
disrupting the TNFa-induced RIPK3-MLKL association and
necroptosome formation. Induced TRAF2 deletion in adult
mice results in rapid lethality, in conjunction with increased
hepatic necroptosome assembly (Table2) (44). Therefore,
TRAF2 protects hepatocytes from death and tumorigenesis
by inhibiting both the TNFa-TNFR1-TRADD-FADD-caspase 8
apoptosis and TNFa-TNFR1-RIPK1-RIPK3-MLKL necroptosis
pathways.

Genetic alterations of TRAF2 are detected in 3-4% of human
HNSCC and melanoma (Figure 1A). In cultured HNSCC cell
lines, TRAF2 is required for cellular proliferation by acting
in the TNFa-TNFR1-TRADD-TRAF2-RIPK1-TAK1-IKK-NF-
kB pathway (120). In primary human keratinocytes, exposure
to UV light triggers association of TRAF2 with TNF-RI to
induce NF-kB activation and inflammation (121). Keratinocyte-
specific TRAF2™/~ mice exhibit psoriatic skin inflammation
associated with apoptotic death and epidermal hyperplasia,
which is dependent on TNFa, constitutive NF-kB2 activation
and inflammatory cytokine production (45). Further in support
of a role for TRAF2 in skin tumorigenesis, mutations of
the TRAF2-deubiquitinating enzyme CYLD are identified in
patients with familial cylindromatosis, a condition that results

in benign tumors of skin appendages, and CYLD™/~ mice are
highly susceptible to chemically induced skin tumors (122).
Similarly, genetic alterations of TRAF2 are also identified in 2.7%
(12/439) of human colon cancers (TCGA, PanCancer Atlas). In
cultured primary human colon cancer cells, TRAF2 mediates the
apoptosis by acting in the AMPK-ASK1-TRAF2-JNK-p53 axis
in response to chemotherapies (123). Consistent with a potential
role of TRAF2 in colon tumorigenesis, germline TRAF2~/~ mice
spontaneously develop severe colitis, which results from TNFa-
TNFRI1-mediated apoptosis of TRAF2~/~ colonic epithelial cells
and altered colonic microbiota (37). Interestingly, myeloid cell-
specific ablation of TRAF2 markedly exacerbates DSS-induced
colitis in mice due to enhanced TLR-induced proinflammatory
cytokine expression in macrophages (46). This is caused by
constitutively elevated levels of the transcription factors c-Rel and
IRF5 that are targeted for proteasome-dependent degradation by
the cIAP1/2-TRAF2-TRAF3 E3 ubiquitin ligase complex (46).
Together, the above evidence consistently supports a suppressive
role for TRAF2 in skin and colon tumorigenesis.

It is also noteworthy that genetic alterations of TRAF2 are
detected in 2.6% (7/265) of human sarcomas (TCGA) and
TRAF2~/~ mice display decreased viability of skeletal muscle
tissue because of defective TNFa-induced NF-kB activation in
myotubes (Table 2) (38). Additionally, specific deletion of TRAF2
in T cells results in decreased numbers of CD8 naive and
memory T cells as well as NKT cells, due to impaired IL-15-
induced signaling in these cells (Table 2). However, evidence of
TRAF2 genetic alteration in T cell neoplasms is still lacking.
Potential causal roles of TRAF2 dysregulation in muscle or T cell
tumorigenesis remain to be elucidated.

Key Signaling Pathways in Cancer

Pathogenesis
In addition to the above TRAF2-dependent tumor suppressive
pathways verified in both human cancers and in vivo mouse
models, several important tumor suppressive pathways involving
TRAF2 have been suggested by evidence obtained from cultured
human cancer cells or xenograft models. These are: (1) IREla-
TRAF2-ASK1-JNK in the apoptosis of melanoma, lung cancer
and OSCC cells induced by chemotherapies or ER stress (124-
126); (2) the TRAF2-caspase-2 complex in mediating DNA
damage- or chemotherapy-induced apoptosis of breast, cervical
and lung cancer cells, in which TRAF2-mediated ubiquitination
of caspase-2 stabilizes the caspase-2 dimer complex and
enhances its activity to fully commit the cell to apoptosis (127,
128); (3) TRAF2-mediated inhibition of constitutive NF-kB2
activation, cell proliferation, and anchorage-independent growth
in pancreatic cancer, and a similar TRAF2-mediatied inhibition
of the Eval-induced NF-kB2-Sox2/CD15/CD49f pathway in
the stemness of glioblastoma (129, 130); and (4) TRAF2-
mediated K63-linked ubiquitination of MLST8 that disrupts the
MLST8-SIN1-mTORC2-Akt pathway in the Kras-driven lung
tumorigenesis (131). Together, these data suggest that TRAF2 is
a tumor suppressor in many human cancers.

Interestingly however, increasing evidence indicates that
TRAF?2 also plays oncogenic roles in epithelial cancers and some
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TABLE 2 | In vivo evidence of the causal roles of genetic alterations of the TRAF family in cancer pathogenesis.

Mouse models Cancer-related phenotype References
TRAF1
TRAF1—/~ Increased skin sensitivity to TNFa-induced necrosis (29)
Reduced skin tumors induced by DMBA/solar UVR due to defective UVR-induced (20)
ERKS5 phosphorylation (30)
Reduced lung tumors induced by urethane i.p. administration due to increased
TRAF2-mediated ubiquitination and degradation of BRAF
Enhanced T cell proliferation in response to TCR-NF-kB1 signaling (29, 31)
Impaired CD8 and memory T cell survival in response to 4-1BB-NF-kB2 signaling (31-34)
TRAF1-tg Decreased antigen-induced apoptosis of CD8 T lymphocytes (35)
P8OHT tg/TRAF1—/— Reduced development of small lymphocytic lymphoma (27)
TRAF2
TRAF2~/~ Early lethality, reduced TNFa-mediated JNK activation (36)
Spontaneous severe colitis and TNFa-dependent apoptosis of colonic epithelial cells 37)
Decreased viability of skeletal muscle tissue due to impaired TNFa-induced NF-xB (38)
activation in myotubes
B cell KO: TRAF3flox/flox, CD19-Cre Prolonged B cell survival, splenomegaly and lymphadenopathy due to constitutive (39
NF-kB2 activation, but defective CD40-induced NF-kB1 activation and proliferation
B cell tg: Igh-TRAF2DN (AN240aa) tg Lymphadenopathy and splenomegaly due to increased number of B cells (40, 41)
Igh-TRAF2DN (AN240aa)/Bcl-2 tg Spontaneously development of small lymphocytic lymphoma (41, 42)
Liver parenchymal cell KO: Spontaneous development of hepatocellular carcinoma due to extensive hepatocyte (43)
TRAF2flox/flox, Ripk1flox/flox, Alfp-Cre apoptosis, caspase 8 hyperactivation and impaired TNFa-induced NF-«kB activation
Induced KO: Rapid lethality that is dependent on Ripk3, TNFR1, DR5 and Fas signaling and (44)
TRAF2flox/flox, Rosa-creERT2 increased hepatic necroptosome assembly and necroptosis
Keratinocyte KO: Psoriatic skin inflammation and epidermal hyperplasia that is partially dependent on (45)
TRAF2flox/flox, K14-Cre TNFa, constitutive NF-kB2 activation and inflammatory cytokine expression
Myeloid cell KO: Exacerbated DSS-induced colitis due to increased TLR-induced inflammatory (46)
TRAF2flox/flox, LysM-Cre cytokine production caused by elevated c-Rel and IRF5 protein levels in macrophages
T cell KO: TRAF2flox/flox, Lck-Cre Decreased NKT cells and CD8 naive and memory T cells due to impaired IL-15 47)
signaling in NKT cells and defective IL-15-induced proliferation of CD8T cells
TRAF3
TRAF3~/~ Early lethality, which could be resued by compound loss of p100 NF-kB2 or NIK (48-50)
Defective antigen-induced T cell proliferation (49)
B cell KO: TRAF3flox/flox, CD19-Cre Expanded B cell compartment, splenomegaly and lymphadenopathy due to (89, 51)
prolonged B cell survival caused by constitutive NF-kB2 activation
Spontaneous development of splenic marginal zone lymphoma and B1 lymphoma (52)
Enhanced signaling by TLR3, TLR4, TLR7, and TLR9 in B cells (53)
Accelerated CD40-induced phosphorylation of JNK, p38, and ERK (54)
B cell Tg: Igh-TRAF3 Tg Spontaneous plasmacytosis, autoimmunity, inflammation and cancer, particularly (55)
squamous cell carcinomas of the tongue and salivary gland tumors
Myeloid cell KO: Spontaneous development of histiocytic sarcoma, B lymphoma, liver cancer, or (56)
TRAFS3flox/flox, LysM-Cre chronic inflammation that often affect multiple organs in aging mice
Exacerbated DSS-induced colitis due to increased TLR-induced inflammatory (46)
cytokine production caused by elevated c-Rel and IRF5 protein levels in macrophages
T cell KO: TRAF3flox/flox, CD4-Cre Impaired T cell proliferation in response to co-engagement of TCR and CD28 (57)
Increased number of Treg cells due to enhanced IL-2 signaling (57, 58)
Impaired IL-15-induced iINKT cell proliferation and survival (59)
Reduced number of CD8 central memory T cells due to impaired IL-15 signaling (60)
TRAF4
TRAF4—/~ Defects in embryonic development and neurulation (61-63)
(Continued)
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TABLE 2 | Continued

Mouse models Cancer-related phenotype References
Reduced migration of DCs (64)
Reduced skin tumors induced by DMBA/TPA due to diminished IL-17A-induced (65)
ERKS5 activation and epidermal hyperplasia
Blunted airway inflammation and Th2 cytokine production in response to IL-25 (66)
administration due to defective IL-25R-Act1 signaling
TRAF5
TRAF5~/~ Defective CD40-induced proliferation and surface molecule upregulation in B cells 67)
Decreased CD40 plus IL-4-induced Ig production in B cells 67)
Impaired CD27-induced survival and proliferation in CD4 and CD8T cells (67, 68)
Defective GITR-induced proliferation, IL-2 production and NF-kB/p38/ERK1/2 (69)
activation in CD4 T cells
Enhanced OX40-induced Th2 differentiation of CD4 T cells and exacerbated (70)
Th2-driven lung inflammation
Enhanced IL-6-induced CD4 Th17 differentiation due to increased IL-6-gp130-STAT3 (71)
signaling and exaggerated Th17-driven experimental autoimmune encephalomyelitis
Exacerbated DSS-induced colitis and increased NF-kB activation in the colon (72)
CD40LMP1-tg/T RAF5~/~ Reduced spleen and LN size compared to CD40LMP1-tg mice, decreased serum (73)
IL-6 and autoantibodies, and decreased LMP1-mediated JNK activation in B cells.
TRAF6
TRAF6~/~ Reduced number of immature B cells in the bone marrow (74)
Defective differentiation of osteoclasts, DCs, and Treg cells (74-77)
Defective IL-1, CD40, LPS and RANK signaling (74, 75)
Loss of NF-«B activity in the epithelia and vasculature during development (78)
Impaired NGF-p75NTR-induced NF-«B activation and survival in Schwann cells (79)
Defective BDNF-p75NTR-induced JNK activation and apoptosis in neurons (79, 80)
Hematopoietic KO: TRAF6flox/flox, Vav-Cre Decreased basal IKKB-NF-kB activation, impaired hematopoietic stem cell (81)
self-renewal and loss of hematopoietic stem/progenitor cells (HSPCs)
B cell KO: TRAF6flox/flox, CD19-Cre Reduced number of mature B cells in the bone marrow and spleen, defective (82)
development of B1 B cells, and defective CD40 and TLR signaling in B cells
T cell KO: TRAF6flox/flox, CD4-Cre Multiorgan inflammation and hyperactivation of TCR-PISK-Akt signaling in CD4 T cells (83)
Defects in generating CD8 memory T cells due to impaired AMPK-activation and (84)
mitochondrial fatty acid oxidation in response to growth factor withdrawal
Increased Th17 differentiation due to increased sensitivity of CD4 T cells to (85)
TGFB-induced Smad2/3 activation and proliferation arrest
Impaired OX40-induced Th9 differentiation due to defective OX40-NIK-NF-kB2 (86)
signaling
Intestinal epithelial cell KO: Exacerbated DSS-induced colitis due to altered gut microbiota, which is independent 87)
TRAF6flox/flox, Villin-Cre of TLR signaling in intestinal epithelial cells
Skeletal muscle KO:TRAF6flox/flox, MCK-Cre Minimal muscle loss in response to transplanted tumor growth due to defective (88)
activation of NF-kB, ubiquitin-proteasome and autophagy-lysosomal systems
Improved regeneration of myofibers upon injury due to upregulated Notch signaling (89)
but downregulated NF-kB activation and inflammatory cytokine production
Reduced starvation-induced skeletal muscle atrophy due to increased (90)

phosphorylation of Akt and FoxO3a and decreased AMPK activation

Direct evidence in tumorigenesis is highlighted in blue font.

other neoplasms. Consistent with the frequent amplification
of TRAF2 detected in human epithelial cancers (Figure 1B)
(103), TRAF2 expression is higher in prostate cancer (133),
pancreatic cancer (132), lung cancer (134), stomach cancer
(135), colon cancer (136), glioblastoma (137) than in normal
tissues. Increased TRAF2 expression is recognized as a prognostic
factor in pancreatic cancer (132), stomach cancer (135), and
and glioblastoma (137). Importantly, suppression of TRAF2 in

cancer cells harboring a TRAF2 copy number gain inhibits
proliferation, NF-kB activation, anchorage-independent growth,
and tumorigenesis (103). Knockdown of TRAF2 also enhances
TRAIL-induced apoptosis in prostate cancer (133) and inhibits
the growth but induces radiosensitization of lung cancer and
glioblastoma cells (134). Thus, TRAF2 is required for the
maintenance of the malignant state in certain cancer cells
containing TRAF2 amplification or overexpression, and TRAF2
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protein levels also regulate the sensitivity of cancer cells to
chemotherapy and radiotherapy.

A variety of TRAF2-dependent oncogenic pathways have
been reported based on studies of patient samples, cultured
human cancer cells or xenograft models. Examples include:
(1) TRAF2-NEMO-p65-NF-kB1-Bcl2/XIAP/Survivin/TNFo/IL-
1/IL-8/HIF-1a in the migration, invasion, metastasis, or drug
resistance of breast, stomach and pancreatic cancer cells as well as
DLBCL (135, 138-140); (2) EGF-EGFR-TRAF2-RSK2-AP1 in the
growth of colon cancer cells (136) and EGFR-TRAF2-RIP1-IKK-
NF-kB1 in the resistance to chemotherapy (EGFR inhibitors) in
lung cancer cells (141); (3) cIAP1-cIAP2-TRAF2-IKKe-TBK1-
IRF3/7/NF-kB1/STAT3 in the tumorigenesis of breast cancer,
in which IKKe is amplified in 30% of patients (142, 143); (4)
Although TRAF?2 is generally considered as a K63-specific E3
ubiquitin ligase (144), a few studies reported TRAF2-mediated
K48-linked ubiquitination and degradation of Caspase 8 in
the switch of the DR5-Caspase 8 apoptotic pathway to the
DR5-Cbl-TRAF2-JNK-AP1-MMP1 invasion/metastasis pathway
or the cytoprotective TRAF2-RIPK1-JNK autophagic survival
pathway following TRAIL treatment in HNSCC, prostate, lung,
stomach, colorectal, and bladder cancer cells (145-148); (5)
S100A9-CD147-TRAF2-cdc42 in the metastasis of melanoma
(149); (6) TNFoa-TRAF2-NF-kB1/AP1-COX2/IL-6/IL-8-PGE2-
NOS2 and NOS2-NO-IREla-TRAF2-NF-kB1/AP1-COX2/IL-
6/IL-8-PGE2 in the growth of breast cancer (150); (7) CD95-
TRAF2-NF-kB1/AP1-IL-8/uPA in the invasion of pancreatic
cancer (132); and (8) TWEAK-Fn14-TRAF2-SGEF-RhoG-Racl
in the migration and invasion of glioma (151). Taken together, it
is perplexing that both tumor suppressive and oncogenic roles of
TRAF2 have been reported in the same type of human cancers.
The exact roles of TRAF2 may be dependent on the genetic
alteration context and malignant stage of the cancer cells as well
as the nature of the environmental cue and treatment regimen.

TRAF3

Landscape of Genetic Alterations

The frequency of genetic alterations of TRAF3 is generally
<6% in human cancers (Figure 1A) according to the TCGA
and COSMIC datasets of sample size n > 250. The eight
human cancers with relatively higher genetic alterations of
TRAF3 are HNSCC (5.4%) (113), lung cancer (5.3%) (TCGA,
PanCancer Atlas), cervical cancer (4.7%) (TCGA, PanCancer
Atlas), uterine cancer (4.5%) (TCGA, PanCancer Atlas), stomach
cancer (4.1%) (TCGA, PanCancer Atlas), bladder cancer (3.6%)
(152), ovarian cancer (3.4%) (TCGA, PanCancer Atlas), and
skin cutaneous melanoma (3.4%) (TCGA, PanCancer Atlas).
Interestingly however, a subgroup among the 279 cases of
HNSCC cataloged in TCGA, the human papilloma virus-positive
(HPV+) HNSCC tumors, has much higher frequency (22%,
8/36) of deep deletions and truncations of TRAF3 than the
HPV- HNSCC tumors (Figure 1B) (113). Notably, although not
cataloged in TCGA, deletions and mutations of TRAF3 are
recognized as one of the most frequent genetic alterations in a
variety of B cell malignancies (153), including gastric marginal
zone lymphoma (MZL, 21%) (154), multiple myeloma (MM,

17%) (155, 156), HL (15%) (157), DLBCL (14.3%) (158), splenic
MZL (10%) (159), and Waldenstrom’s macroglobulinemia (WM,
5.3%) (160) (Figure 1B). Furthermore, somatic mutations of
TRAF3 are also frequently detected in human nasopharyngeal
cancer (NPC, 8.6%) (161) (Figure 1B). Together, the most
common genetic alteration of TRAF3 is deep deletion, followed
by mutation and then amplification. Truncation and fusion of
TRAF3 are less common but also detected in several different
types of human cancers (Figure 1).

Overview and Map of Recurrent Mutations
There are 280 different mutations of TRAF3 detected in human
cancers, comprising 90% (253/280) mutations that change
the protein sequence of TRAF3 and 10% (27/280) coding
silent mutations (Table 1). Approximately 43% (108/253) of the
coding-altering mutations of TRAF3 are recurrently detected
in at least two cancer patients. Among all the TRAF genes,
TRAF3 recurrent mutations exhibit the most complex pattern
and include the highest frequencies of frameshift mutations
(19%, 21/108) and truncations (8%, 9/108). TRAF3 recurrent
mutations also include 69% (75/108) missense mutations, 1%
(1/108) in frame deletion, 1% splice mutation, and 1% fusion
(Table 1 and Figure 2). These recurrent mutations occurred at
67 amino acid positions that are distributed in almost the entire
length of the TRAF3 protein (Figure 3).

Five mutation hotspots of TRAF3 are identified in more
than 5 cancer patients, specifically N16, N285, K286, R310, and
R376 (Figure 3). TRAF3 mutations at N16 have the highest
patient count, including the missense mutation (N16T) identified
in 10 patients with HNSCC (COSMIC) and the frameshift
deletion (N16fs*3) detected in a patient with splenic MZL (162,
163). Mutations at the two consecutive amino acids N285 and
K286 of the coiled-coil domain of TRAF3 exhibit the most
complex pattern. N285 contains frameshift deletion (N285fs*38),
frameshift insertion (N285fs*13) and missense mutation (N285S)
identified in 8 patients with HNSCC, MZL, NPC, CRC, stomach
cancer and uterine cancer (TCGA; COSMIC) (12, 107, 161, 164,
165). Similarly, K286 exhibits frameshift deletion (K286fs*7 or
fs*11) and truncation (K286*) detected in six patients with B
cell malignancies, including MM, CLL and WM (155, 160, 166,
167). A third amino acid of the coiled-coil domain, R310, is
consistently targeted by truncation (R310*) as detected in 8
patients with DLBCL, MM, HNSCC, cervical cancer and uterine
cancer (TCGA) (113, 155, 158, 166, 168). Missense mutations at
R376 (R376W or Q) located in the linker between the coiled-coil
and TRAF-C domains of TRAF3 are detected in six patients with
lung cancer, CRC, SSCC, and melanoma (TCGA; COSMIC) (14,
108, 169). Many of these truncations, frameshifts and missense
mutations have been shown to result in inactivation of TRAF3 by
disrupting its interaction with NIK, thereby inducing constitutive
NF-kB2 activation (155, 156, 158, 159, 170). Thus, most of
the recurrent genetic alterations of TRAF3 identified in human
cancers cause complete loss or inactivation of the TRAF3 protein.

Fusion
There are 14 different fusions of TRAF3 detected in human
cancers, including TRAF3-WDR20 in stomach and uterine
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cancers, four fusions of TRAF3-MYOI6, TRAF3-RCORI,
TRAF3-KLC1, and EVL-TRAF3 in breast cancer, TRAF3-SFXN1
in cervical cancer, UBR5-TRAF3 in HNSCC, two fusions
of TRAF3-ZNF839 and TRAF3-MARK3 in kidney cancer,
two fusions of TRAF3-BMP3 and SLC22A23-TRAF3 in lung
cancer, TRAF3-IFNL1 in ovarian cancer, TRAF3-ITPKI in
pheochromocytoma and TRAF3-SIVAI in stomach cancer
(TCGA). Among the 14 fusions, only the TRAF3-WDR20 fusion
is recurrently detected in two patients with stomach cancer
and uterine cancer (TCGA, PanCancer Atlas). However, the
functional significance of these TRAF3 fusions is currently
unknown.

In vivo Causal Roles in Cancer

Pathogenesis

Similar to TRAF2 and also consistent with the frequent deletions
and inactivating mutations of TRAF3 identified in human B cell
malignancies (Figure 1B), a tumor suppressive role for TRAF3
in B lymphocytes has been demonstrated by in vivo evidence
obtained from mouse models. As shown for B-TRAF2~/~
mice, B cell-specific TRAF3~/~ (B-TRAF3~/~) mice also exhibit
severe peripheral B cell hyperplasia due to prolonged survival
of mature B cells independent of BAFE, which results from
constitutive NF-kB2 activation (39, 51). These B-TRAF3~/~
mice spontaneously develop splenic MZL or Bl lymphoma at
high incidence (52). Interestingly, B-TRAF3~/~ mice also have
doubled number of plasma cells due to enhanced responsiveness
to IL-6 (171). Mechanistically, TRAF3 inhibits the IL-6-IL-6R-
JAK1-STAT3 survival and differentiation pathway in plasma
cells by facilitating the association of PTPN22 with JAK1 (171).
Furthermore, the EBV-encoded oncoprotein LMP1 sequesters
TRAF3 to produce functional TRAF3 deficiency in human and
mouse B lymphoma cells (172, 173). Intriguingly, lymphocyte-
specific TRAF3 transgenic mice also develop plasmacytosis,
autoimmunity, inflammation, and cancers, which are likely
caused by hyper-responsiveness of B cells to antigens and TLR
agonists (55). Thus, TRAF3 acts as a tumor suppressor in
naive B cells, but an appropriate and balanced level, neither
too high nor too low, of TRAF3 is required to maintain
the homeostasis of plasma cells and protect them from
tumorigenesis.

Interestingly, specific deletion of TRAF3 from myeloid
cells (granulocytes, monocytes, and macrophages) leads to
spontaneous development of histiocytic sarcomas derived from
TRAF3~/~ tissue-resident macrophages in aging mice (56, 174).
The pathogenic mechanisms are likely related to the enhanced
TLR-induced inflammatory responses observed in TRAF3~/~
macrophages through constitutive activation of NF-kB2, c-Rel,
and IRF5, as described for TRAF2~/~ macrophages (56, 174).
Two other mouse models with functional relevance to TRAF3,
Dokl1~/~Dok2~/~Dok3~/~ mice and humanized TLR7/TLRS
transgenic mice, also spontaneously develop histiocytic sarcomas
(175, 176). DOK3, a negative regulator of protein tyrosine
kinase (PTK)-mediated signaling, has recently been identified
as a TRAF3-interacting protein (177). Similar to TRAF3~/~
macrophages, DOK3™/~ macrophages are defective in the

TLR3-IRF3-IFNB antiviral pathway (177). TRAF3 is also
a transducer of TLR7 and TLRS8 signaling through direct
interaction with MyD88 (1). Transgenic expression of human
TLR7/TLR8 in mice deficient for endogenous TLR7/TLR8
drives inflammation and proliferative histiocytosis, which can be
reversed by compound deletion of MyD88 (176). Collectively,
the above in vivo evidence indicates that TRAF3 is a tumor
suppressor in macrophages and that dysregulation of the TLR-
MyD88-TRAF3-Dok3 axis in macrophages plays causal roles
in the pathogenesis of histiocytic sarcoma. However, because
histiocytic sarcoma in humans is a rare malignancy with sparse
pathologic and cytogenetic data (178, 179), potential TRAF3
genetic alterations in human histiocytic sarcomas require future
investigation.

In addition to the phenotype of histiocytic sarcoma,
aging myeloid cell-specific TRAF3™/~ (M-TRAF3™/~) mice
spontaneously develop chronic inflammation and other cancers
that often affect multiple organs including the gastrointestinal
tract (56). Similar to M-TRAF2™/~ mice, young adult M-
TRAF3™/~ mice exhibit exacerbated DSS-induced colitis
with increased levels of inflammatory cytokines produced by
TRAF3~/~ macrophages in response to TLR signaling (46).
Notably, another mouse model with functional relevance to
TRAF3, NLRP127/~ mice, is highly susceptible to colitis and
colitis-associated colon cancer (180). NLRP12 interacts with
both TRAF3 and NIK, and NLRP127/~ cells have constitutively
activated NF-kB2 associated with a decreased protein level of
TRAF3 (180). Interestingly, both NLRP127/~ hematopoietic
and non-hematopoietic cells contribute to inflammation, but
the latter dominantly contributes to colon tumorigenesis (180).
In line with the in vivo data, mutations and deletions of TRAF3
are detected in 2.3% (10/439) of human colon cancers (TCGA,
PanCancer Atlas). Furthermore, miR-32-TRAF3-mediated
inhibition of the NIK-NF-kB2 pathway protects human
colorectal epithelium against colorectal cancer in response to a
diet of non-digestible carbohydrates (181). Thus, TRAF3 appears
to act in both epithelial cells and myeloid cells to suppress
colon tumorigenesis by inhibiting the NF-kB2 and TLR-induced
inflammatory pathways.

Although most evidence identifies TRAF3 as a tumor
suppressor, studies of the T cell-specific TRAF3~/~
(T-TRAF37/7) mouse model suggest an oncogenic role for
TRAF3 in T cells. Despite their constitutive NF-kB2 activation,
TRAF3~/~ T cells exhibit impaired proliferation and activation
in response to TCR and CD28 co-stimulation (39, 57). T-
TRAF3~/~ mice show defects in T cell-mediated immunity
and IL-15-induced proliferation and survival of iNKT cells,
and also have reduced number of CD8 central memory T
cells (Table 2) (57, 59, 60). Consistent with these in vivo data,
TRAF3 is required for the proliferation of human neoplastic
ALCL cells in culture (182). Silencing of TRAF3 in ALCL cells
not only results in aberrant activation of the NIK-NF-kB2
pathway, but also affects the continued PI3K-AKT and JAK-
STAT signaling (182). Therefore, distinct tumor suppressive
and oncogenic roles of TRAF3 in different cellular contexts
have been revealed from studies of both human and mouse
models.
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Key Tumor Suppressive Pathways

In addition to the above TRAF3-dependent tumor suppressive
pathways verified in both human cancers and in vivo mouse
models, several additional tumor suppressive pathways involving
TRAF3 have been suggested by studies of cultured human cancer
cells or xenograft models. These include: (1) TRAF3-mediated
inhibition of the oncogenic RelB-SMAD4 association that
represses TGFB-SMAD target gene expression to promote
the tumorigenesis of lung cancer, in which TRAF3 is
targeted by RAS-NDP52-mediated autophagic degradation
via the NDP52-TRAF3 interaction (183); (2) LIGHT-LTBR-
TRAF3/TRAF5-ROS-ASK1-Caspase3 in the apoptosis of human
colon cancer and hepatoma cells (184); (3) membrane-bound
CD40L-CD40-TRAF3-p40phox-ROS-ASK1-MKK4-JNK-AP1-
caspase 9/3/Bax/Bak in the apoptosis of human bladder and
CRC cells but not normal epithelial cells (185-187); and (4)
TRAF3-mediated inhibition of the oncogenic RIP2-NF-kB1/NF-
kB2/p38-Bcl-xL pathway in the survival and proliferation of
glioblastoma cells (188). Taken together, available evidence
supports that TRAF3 acts as a tumor suppressor in a variety
of cell types, but we cannot rule out that TRAF3 upregulation
might also alter normal cell homeostasis in the same or other cell
types and therefore contribute to transformation, as it has been
observed in B cells and T cells.

TRAF4

Landscape of Genetic Alterations

The frequency of genetic alterations of TRAF4 is generally <11%
in human cancers (Figure 1A) based on the TCGA and COSMIC
datasets of sample size n > 100. The eight human cancers with
relatively higher genetic alterations of TRAF4 are pancreatic
cancer (10.1%) (7), bladder cancer (7.3%) (152), breast cancer
(5.5%) (189), uterine cancer (5.1%) (TCGA, PanCancer Atlas),
esophageal cancer (3.2%) (TCGA, Provisional), lung cancer
(2.6%) (190), melanoma (2.5%) (191), and ovarian cancer (2.4%)
(TCGA, PanCancer Atlas). The most common genetic alteration
of TRAF4 is amplification, followed by mutation (Figure 1). Deep
deletion, truncation and fusion of TRAF4 are relatively rare in
human cancers.

Overview and Map of Recurrent Mutations

There are 123 different mutations of TRAF4 detected in human
cancers, comprising 85% (105/123) mutations that cause changes
in the amino acid sequence of TRAF4 and 15% (18/123)
coding silent mutations (Table 1). About 42% (44/105) of the
coding-altering mutations of the TRAF4 gene are recurrent
and detected in at least two cancer patients, including mostly
missense mutations (89%, 39/44), 3 truncations, 1 frameshift
deletion, and 1 in frame deletion (Table 1 and Figure 2). TRAF4
recurrent mutations occurred at 32 different amino acids that
are distributed in the entire length of the TRAF4 protein but are
relatively enriched in the TRAF-C domain (Figure 3). Only two
specific amino acids, R448 and R452 located at the C-terminal
TRAF-C domain, are mutated in more than 3 patients (Figure 3).
For R448, mixed missense mutations (R448Q or L) and a
truncation (R448%) are identified in 4 patients with prostate

cancer, uterine cancer, HNSCC, and OSCC (192-195). For R452,
missense mutations (R452W or Q or L) are detected in four
patients with uterine, colorectal and lung cancers (10, 108, 193).
Further studies are needed to determine whether such missense
mutations in the TRAF-C domain result in loss- or gain-of-
function of TRAF4.

Fusion

There is only one fusion of TRAF4 detected in human cancers,
the TRAF4-FASN fusion identified in a glioma patient (TCGA),
with currently unknown functional significance.

In vivo Causal Oncogenic Roles

Available human evidence indicates that gene amplification is
the most common TRAF4 genetic alteration in cancers and
that TRAF4 expression is ubiquitously elevated in many human
cancers (196-204). This suggests that TRAF4 overexpression may
play causal roles in cancer initiation, progression and metastasis.
Similar to classical oncogenes (such as c-Myc and K-ras),
TRAF4 is also required for ontogenic processes and TRAF4~/~
mice show defects in embryonic development and neurulation
(61, 62, 205). Interestingly, TRAF4~/~ dendritic cells (DCs)
derived from the null mice exhibit reduced in vivo and in vitro
migration (64). Furthermore, recent in vivo evidence obtained
from mouse models demonstrates the causal oncogenic roles of
TRAF4 in skin tumorigenesis (Table 2) (65). TRAF4 deficiency
substantially diminishes IL-17A-induced ERK5 activation and
epidermal hyperplasia in mice. In the DMBA/TPA-induced skin
cancer model, TRAF4~/~ mice exhibit remarkably reduced
tumor incidence and tumor numbers. Mechanistically, TRAF4
bridges the interaction between Actl and MEKK3 in response
to IL-17A signaling, and therefore is required for the activation
of the downstream MEK5-ERK5-Steap4/p63 pathway. The
transcription factor p63 directly induces TRAF4 expression in
keratinocytes, promoting positive feedback on TRAF4 in the
epidermis and thus sustaining the activation of the TRAF4-ERK5
axis to induce keratinocyte proliferation and skin tumorigenesis
(65). These in vivo findings are reinforced by the examination
of human SSCC samples, which also demonstrates the presence
of the IL-17A-Actl-TRAF4-MEKK3-MEK5-ERK5-Steap4/p63
pathway (65). Together, both human and in vivo mouse evidence
supports an oncogenic role for TRAF4.

Key Oncogenic Pathways

In addition to the established IL-17A-TRAF4-ERKS5 axis, a
variety of potential TRAF4-dependent oncogenic pathways have
been suggested by studies of patient samples, cultured human
cancer cells or their xenografts in immunodeficient mice. These
include: (1) TRAF4-Akt/NF-kB-Glutl/HK2/RSK4/Slug in the
proliferation and metastasis of lung and breast cancer cells
as well as the migration and epithelial-mesenchymal transition
(EMT) of hepatocellular carcinoma cells (HCC) (199, 203, 206);
(2) TGEB-TBRI-TRAF4-Smurfl/Smurf2/USP15-SMAD2/TAK1-
N-cadherin/Fibronectin/Vimentin/SMA in the migration, EMT,
and metastasis of breast cancer cells (200, 207); (3) SRC3-TRAF4-
mediated inhibition of the USP7-p53 interaction, leading to the
loss of p53 deubiquitination/stabilization and thus the resistance
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to cytotoxic drugs and stress in breast cancer (208); (4) NGF-
TrkA-TRAF4-Akt/p38-IL-6/Integrins/ COX2 in the metastasis of
prostate cancer cells (204); (5) TNFa-TRAF4/TRAF2-NF-kB1
in the survival and proliferation of breast cancer cells (209);
(6) TRAF4-mediated up-regulation and nuclear translocation of
p-catenin in the Wnt/B-catenin-cyclin D1/c-myc/Bcl-2/MMPs
pathway that promote the growth and migration of OSCC and
breast cancer cells (210, 211); (7) TRAF4-mTOR-p70S6K-S6 in
the proliferation of breast cancer cells (212); and (8) the TRAF4-
phosphoinositide (PIP) interaction at tight junctions that favors
breast cancer cell migration (213). It would be interesting to
verify these TRAF4-dependent oncogenic pathways using in vivo
models.

TRAF5

Landscape of Genetic Alterations

The landscape of TRAF5 genetic alterations is similar to that
of TRAF4. The frequency of genetic alterations of TRAF5 is
generally <13% in human cancers (Figure 1A) according to
the TCGA and COSMIC datasets of sample size n > 140. The
eight human cancers with relatively higher genetic alterations
of TRAF5 are breast cancer (12.2%) (189), liver cancer (8.4%)
(TCGA, Provisional), uterine cancer (6.4%) (TCGA, PanCancer
Atlas), lung cancer (5.3%) (TCGA, Provisional), ovarian
cancer (5.1%) (TCGA, Provisional), melanoma (4.0%) (TCGA,
Provisional), esophageal cancer (3.8%) (TCGA, Provisional),
and prostate cancer (3.3%) (214). As described for TRAF4, the
most common genetic alteration of TRAF5 is also amplification,
followed by mutation (Figure 1A). Deep deletion, truncation and
fusion of TRAF5 are rare events in human cancers.

Overview and Map of Recurrent Mutations
There are 188 different mutations of TRAF5 detected in human
cancers, comprising 85% (160/188) mutations that alter the
amino acid sequence of TRAF5 and 15% (28/188) coding
silent mutations (Table 1). Approximately 36% (57/160) of the
coding-altering mutations of TRAF5 are recurrent in human
cancers. Similar to TRAF4, TRAF5 recurrent mutations also
include mostly missense mutations (85%, 49/57), but also some
truncations (9%, 5/57), frameshift deletions (4%, 2/57), and
an in frame deletion (2%, 1/57) (Table 1 and Figure 2). These
recurrent mutations occurred at 36 different amino acids that
are mainly enriched in the TRAF-C domain but also scattered
in other regions of the TRAF5 protein (Figure 3). Mutations of
three specific amino acids, R164, T232, and A548, are detected
in more than three patients (Figure 3). Complex alterations of
R164 of the zinc finger motif, including truncation (R164*) and
missense mutations (R164Q or L), are detected in six patients
with uterine, colon and bile duct cancers and DLBCL (TCGA)
(12, 193, 215). Another missense mutation of the zinc finger
motif, T232M, is detected in four patients with colon, breast,
and prostate cancers (TCGA; COSMIC) (98). Missense mutation
A548V of the TRAF-C domain is identified in four patients with
uterine, cervical, stomach, and breast cancers (TCGA) (107). The
functional consequences of these recurrent TRAF5 mutations
await further investigation.

In vivo Causal Oncogenic Roles

Although not cataloged in TCGA, TRAF5 mutations are detected
in 5% (5/101) of human DLBCL (102). TRAF5 expression is
upregulated in human splenic MZL (216). In addition, apoptosis-
resistant B cell-acute lymphoblastic leukemia (B-ALL) cells have
aberrantly higher protein level of TRAF5 and TRAF6 in response
to irradiation than apoptosis-proficient B-ALL cells (217). The
above evidence suggests that TRAF5 may be oncogenic in B
cells. Consistent with human evidence, B cells of TRAF5~/~
mice show defects in CD40-induced proliferation and up-
regulation of surface molecules and activation markers as well
as CD40 plus IL-4-induced Ig production (Table 2) (67). Using a
chimeric CD40-LMP1 transgenic (CD40LMP1-tg) mouse model
that mimics the B cell hyperactivation induced by the EBV-
encoded oncoprotein LMP1 (218), Kraus et al. demonstrated
that TRAF5 is a critical mediator of the in vivo functions of
LMP1 (73). TRAF5 deficiency reverses the CD40-LMP1-induced
enlargement of the spleen and lymph nodes, decreases the
serum levels of IL-6 and autoantibodies that are elevated by
CD40-LMP1-tg expression, and also inhibits LMP1-mediated
JNK activation in B lymphocytes (Table 2) (73). Together, both
human and mouse evidence supports an oncogenic role for
TRAFS5 in B cells that appears to be required for LMP1-mediated
B lymphomagenesis and is likely also involved in spontaneous B
lymphomagenesis initiated by genetic alterations.

Additionally, available in vivo evidence indicates the
importance of TRAF5 in the survival, proliferation and
differentiation of different T cell subsets as detailed in Table 2,
suggesting that TRAF5 malfunction may contribute to T cell
malignancies. However, the evidence of TRAF5 alterations in
human T cell lymphomas/leukemias is still lacking.

TRAF5-Dependent Signaling Pathways in

Human Cancer Cells

In addition to the signaling pathways of B cells and T cells
revealed by the in vivo studies of TRAF5~/~ mice, a number
of TRAF5-dependent signaling pathways have been proposed
based on the studies of patient samples, cultured human
cancer cells or their xenografts in immunodeficient mice. These
include: (1) CD30-TRAF2/TRAF5-NIK-IKKa-NF-kB-IL-13 in
the survival of Hodgkin-Reed-Sternberg (H-RS) cells of HL
(219, 220) and a similar CD30v-TRAF2/TRAF5-NIK-NF-kB
pathway in acute myeloid leukemia (AML) and ALL (221);
(2) LIGHT-LTBR-TRAF3/TRAF5-ROS-ASK1-Caspase 3 in the
apoptosis of human colon cancer and hepatoma cells (184); (3)
upregulated TRAF5-NF-kB in the migration and invasion of
glioma cells, in which TRAF5 is directly targeted for degradation
by the tumor suppressor Numbl (222); (4) TRAF5/TRAF6-NF-
kB-Vimentin/TWIST1/SNAIL2/MMP13/IL-11 in the EMT and
metastasis of prostate cancer cells, in which TRAF5 is directly
targeted for downregulation by the tumor suppressive miR-141-
3p (223); and (5) TRAF5-MEK1/2-ERK1/2-Bcl2 in the survival
and proliferation of melanoma cells, in which TRAFS5 is directly
targeted for downregulation by tumor suppressive MiR-26b
(224). The above evidence supports the hypothesis that TRAF5
plays oncogenic roles in various human cancer cells primarily
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by inducing NF-kB activation but also by activating the ERK1/2
pathway.

TRAF6

Landscape of Genetic Alterations

The frequency of genetic alterations of TRAF6 is generally <7%
in human cancers (Figure 1A) based on the TCGA and COSMIC
datasets of sample size n > 120. The eight human cancers with
relatively higher genetic alterations of TRAF6 are breast cancer
(6.9%) (225), uterine cancer (4.5%) (TCGA, PanCancer Atlas),
stomach cancer (4.1%) (8), HNSCC (3.6%) (113), lung cancer
(3.4%) (10), bladder cancer (3.1%) (226), sarcoma (3%) (TCGA,
Provisional), and ovarian cancer (2.8%) (TCGA, Provisional).
Although not listed in TCGA, TRAF6 amplification is recognized
as one of the most frequent genomic alterations in human
lung cancer (9.2%, 24/261) (227) and OSCC (10%, 2/20) (228).
Consistent with the frequent amplification of TRAF6 in human
cancers, TRAFG6 is overexpressed in many human cancers such
as breast cancer, HCC, colon cancer, esophageal cancer, and
melanoma (229-233). TRAF6 overexpression is also identified as
a prognostic factor for breast and esophageal cancers (229, 232).
Together, the most common genetic alterations of TRAF6 are
mutation and amplification (Figure 1A). Deep deletion of TRAF6
is less common but also detected in several different types of
human cancers. Truncation and fusion of TRAF6 are rare in
human cancers.

Overview and Map of Recurrent Mutations

There are 178 different mutations of TRAF6 detected in human
cancers, comprising 85% (152/178) mutations that alter the
protein sequence of TRAF6 and 15% (26/178) coding silent
mutations (Table 1). Only 27% (41/152) of the coding-altering
mutations of TRAF6 are recurrently detected in at least two
cancer patients. Similar to TRAFI, TRAF6 recurrent mutations
also have the simplest composition and are almost exclusively
missense mutations (93%, 38/41) except 2 truncations and 1
frameshift insertion (Table1 and Figure2). These recurrent
mutations occurred at 30 different amino acids that are
distributed in all the major domains but are enriched in
the coiled-coil and TRAF-C domains of the TRAF6 protein
(Figure 3). Mutations of only two specific amino acids, R335
and P398, are detected in more than three patients (Figure 3).
A truncation (R335*) and missense mutation (R335Q) at R335
within the coiled-coil domain of TRAF6 are detected in five
patients with colon and uterine cancers (TCGA) (12, 234).
Missense mutations at P398 (P398L or S) of the TRAF-C domain
are identified in 4 patients with uterine, lung, and stomach
cancers (TCGA) (8, 193, 235). Functional significance of these
TRAF6 recurrent mutations in cancer pathogenesis remains to
be elucidated.

In vivo Evidence of Potential Roles for
TRAF6 in Tumorigenesis

Causal roles of TRAF6 in tumorigenesis have not been directly
demonstrated with TRAF6 knockout or transgenic mice
yet. However, available in vivo evidence supports potential

contributions of TRAF6 dysregulation in tumorigenesis.
Consistent with the genetic alterations (mainly amplification
and mutation) and frequent overexpression of TRAF6 detected
in human epithelial cancers such as breast cancer and uterine
cancer (Figure 1A) (229-233), deletion of TRAF6 in mice
results in loss of NF-kB activity in epithelia and vasculature
during mouse development (Table2) (78). Corroborating
initial evidence, intestinal epithelial cell-specific TRAF6~/~
mice exhibit exacerbated DSS-induced colitis (87). In line
with the in vivo data, knockdown of TRAF6 or inhibition of
TRAF6 E3 ligase activity suppresses the survival, proliferation,
migration, and metastasis of many human epithelial cancers,
including breast, lung, liver, and colon cancers as well as
HNSCC (230-232, 236-240). In the majority of these cases, the
TRAF6-NF-kB axis is identified as the main oncogenic pathway,
which is constitutively activated by TRAF6 overexpression or
hyperactivated by upstream receptors such as TNFa, RANK, and
TLR4/3 (236-240).

Similar ~ findings have been obtained in the
hematopoietic/lymphoid ~ system. Hematopoietic-specific
deletion of TRAF6 in mice leads to decreased tonic IKKB-
NF-kB activation, impaired hematopoietic stem cell (HSC)
self-renewal and loss of hematopoietic stem/progenitor
cells (HSPCs) in the bone marrow (BM) (Table2) (81).
Knockdown of TRAF6 in human AML cell lines or patient
samples results in rapid apoptosis and impaired malignant
HSPC function as well as increased sensitivity to bortezomib
(241). In the lymphoid lineage, TRAF6 mutations have been
detected in 2.1% human DLBCL (TCGA) and 2.4% human
cutaneous T cell lymphoma (CTCL) (242). TRAF6~/~ mice
have reduced numbers of immature B cells in the BM and
B cells from the null mice show defects in CD40 and LPS-
induced proliferation and NF-kB activation (Table 2) (74, 75).
B cell-specific TRAF6~/~ mice (B-TRAF6™/7) mice also
exhibit reduced numbers of mature B cells in the BM and
spleen as well as defective B1 B cell development (Table2)
(82). Knockdown of TRAF6 or inhibition of the TRAF6-NF-
kB axis induces apoptosis and cell cycle arrest in DLBCL,
and also inhibits the proliferation and bone resorption of
MM (243, 244). Interestingly, T cell-specific TRAF6~/~
mice (T-TRAF67/7) mice show multiorgan inflammation
due to hyperactivation of the PI3K-Akt pathway in T cells
(Table 2) (83). T-TRAF6~/~ mice also exhibit increased Th17
differentiation due to enhanced sensitivity of CD4T cells to
TGEFB signaling (85), but have defects in generating CD8 memory
T cells caused by defective AMPK activation in activated CD8 T
cells (84). In addition, T-TRAF6~/~ mice exhibit impaired
0X40-induced CD4 Th9 differentiation, which requires TRAF6-
mediated activation of the NIK-NF-kB2 pathway in CD4T
cells (Table 2) (86). In support of a role for TRAF6 in T cell
tumorigenesis, inhibition of the TRAF6-NF-kB-c-Myc axis
through miR-146a/b-mediated downregulation of TRAF6 delays
PTEN~/~ T cell lymphomagenesis in mice (245). Furthermore,
inhibition of the IRAK1/4-TRAF6 axis sensitizes human
T cell ALL (T-ALL) to chemotherapies (246). Collectively,
the above evidence is consistent with the hypothesis that
TRAF6 may serve as an oncoprotein in epithelial cancers and
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hematopoietic/lymphoid neoplasms mainly through inducing
aberrant NF-kB activation.

Interestingly, in vivo evidence also indicates the functional
importance of TRAF6 in the brain and muscle (Table 2).
TRAF6~/~ mice show defective neural tube closure and
exencephaly (80). Mechanistically, TRAF6 interacts with the
p75 neurotrophin receptor (p75NTR), and thus is required
for NGF-induced NF-«kB activation and survival in Schwann
cells as well as BDNF-induced JNK activation and apoptosis
in superior cervical ganglia neurons (79). In skeletal muscle,
TRAF6 deficiency prevents muscle loss and cancer cachexia in
response to transplanted tumor growth, improves regeneration
of myofibers upon injury and reduces skeletal muscle atrophy
upon starvation through regulating NF-kB activation/ubiquitin-
proteasome/autophagy-lysosomal systems, Akt/FoxO3a/AMPK
activation and Notch signaling, respectively (88-90). In line
with the mouse data, genetic alterations of TRAF6, including
amplification, mutation and deletion, are detected in 1% of
human glioblastoma (247, 248) and 3% of human sarcoma
(TCGA) (9). It would be interesting to test potential causal roles
of TRAF6 in brain and muscle tumorigenesis in future studies.

Key Signaling Pathways in Human Cancers
In addition to the TRAF6-NF-kB axis that has been verified
in both human cancers and in vivo mouse models, numerous
TRAF6-dependent oncogenic pathways have been reported with
studies of patient samples, cultured human cancer cells or their
xenografts in mice. Examples are: (1) the TRAF6-p53 crosstalk,
in which TRAF6 promotes K63-linked ubiquitination of p53
and limits the tumor suppressive function of p53 in cancer
development and resistance to chemotherapy and radiotherapy
(249); (2) the Ras-TRAF6-NF-kB axis in the tumorigenesis of
lung and pancreatic cancers (227, 250, 251); (3) the TRAF6-
Akt axis in the tumorigenesis of glioblastoma, HNSCC, prostate
cancer, oral cancer, and CRC (252-255); (4) the EGFR-TRAF6
axis in the growth, migration and metastasis of lung cancer and
cutaneous SCC (256, 257); (5) the TRAF6-HIFla axis in the
tumorigenesis, angiogenesis, and metastasis of breast and colon
cancers (258, 259); (6) the TGFB-TBRI/II-TRAF6 axis in the
proliferation, migration, and invasion of prostate cancer (260-
263); (7) TRAF6-AEP-HSP90a in the invasion and metastasis
of breast cancer (229); (8) nutrients-MEKK3-MEK3/6-p388-
p62-TRAF6-mTORCI1 in the growth of prostate cancer (264);
(9) pVHL inactivation-CARD9-BCL10-TRAF6-TAK1-MKK4-
JNK-AP1-Twist in the EMT of renal cell carcinoma (265);
(10) ADAM10-p75NTR ICD-TRAF6 in the metastasis and
chemoresistance of HNSCC and breast cancer (266); (11)
TRAF6-DNMT1-DNA methylation in chemoresistance of breast
cancer (267); and (12) IL-1B-TRAF6-TNFa and TRAF6-Cdc42-
F-actin in the invasion of SCC (268). Interestingly, the
importance of TRAF6-dependent oncogenic pathways in human
cancers is also underscored by the findings that TRAF6 mRNA is
the direct target of tumor suppressive mi-RNAs, including miR-
146a (269-272), miR-146b-5p (273, 274), and miR-141-3p (223).
Thus, most evidence indicates that TRAF6 is an oncogene in
human cancers.

Intriguingly, several TRAF6-dependent tumor suppressive
pathways have also been described for human cancers in the
literature. Examples are: (1) TRAF6-p62-mediated inhibition
of the HK2 glycolytic activity and the growth of liver cancer,
in which TRAF6 catalyzes the K63-linked ubiquitination of
HK2 and targets HK2 for p62-mediated autophagic degradation
(275); (2) TRAF6-mediated suppression of the EZH2-H3K27me3
pathway and the progression of prostate cancer, in which TRAF6
mediates K63-linked ubiquitination and degradation of EZH2
(276); and (3) TRAF6-mediated decrease of the H3K4me3 level
and thus the tumorigenesis of prostate cancer, in which TRAF6
mediates K63-linked ubiquitination of JARID1B to increase the
demethylase activity of JARID1B on H3K4me3 (277). Taken
together, both tumor suppressive and oncogenic roles of TRAF6
have been reported in human liver cancer and prostate cancer.
As discussed for TRAF2, this phenomenon may be related to the
mutational profile and malignant stage of the cancer cells as well
as the nature of the environmental cue or treatment regimen.

TRAF7

Landscape of Genetic Alterations

TRAF7 lacks the TRAF homology domain and does not directly
interact with any member of the TNFR superfamily, two defining
features of the TRAF family (278, 279), and is therefore still
controversial to be considered as a genuine member of the TRAF
family. The frequency of genetic alterations of TRAF7 is generally
<7% in human cancers (Figure 1A) according to the TCGA and
COSMIC datasets of sample size n > 150. The eight human
cancers with relatively higher genetic alterations of TRAF7
are breast cancer (6%) (189), prostate cancer (5.1%) (280),
stomach cancer (4.8%) (8), sarcoma (3.8%) (TCGA, Provisional),
esophageal cancer (3.3%) (TCGA, PanCancer Atlas), uterine
cancer (3.2%) (TCGA, PanCancer Atlas), melanoma (3.1%)
(TCGA, PanCancer Atlas), and liver cancer (2.4%) (TCGA,
PanCancer Atlas). However, it should be noted that although
not yet cataloged in TCGA, the rate of TRAF7 mutation is
overwhelmingly high in patients with adenomatoid tumors of
the male and female genital tracts (100%, 31/31) (281), secretory
meningiomas (97%, 29/30) (282), intraneural perineuriomas
(62.5%, 10/16) (283), and meningiomas 23% (182/775) (284)
(Figure 1B). In particular, high frequencies (15-26%) of TRAF7
mutations has been reproducibly detected in multiple studies
(284-288), and knowledge of TRAF7 mutations has contributed
significantly to improving the diagnosis, classification, prognosis,
and treatment of patients with meningiomas (282, 286, 289-
291). Additionally, deletion of TRAF7 is detected in 67% (18/27)
of malignant mesothelioma patients’ malignant cells in pleural
fluids (292). The most common genetic alteration of TRAF7
is mutation, followed by amplification and then deep deletion
(Figure 1). Truncation and fusion of TRAF7 are rarely detected
in human cancers.

Overview and Map of Recurrent Mutations
In the TRAF family, TRAF7 has the highest counts of total and
recurrent mutations. There are 376 different mutations of TRAF7
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detected in human cancers, including 87% (326/376) coding-
altering mutations and 13% (50/376) coding silent mutations
(Table 1). Over half (53%, 174/326) of the TRAF7 coding-altering
mutations are recurrently detected in at least two cancer patients.
TRAF7 recurrent mutations are mostly missense mutations
(92%, 161/174). Small percentages of other recurrent mutations
include 5 frameshifts, 3 truncations, 2 in frame deletions, 2 splice
mutations, and 1 fusion (Table 1 and Figure 2). These recurrent
mutations occurred at 89 different amino acids covering different
regions of the entire length but highly enriched in the last 4
WD40 repeats of the TRAF7 protein (Figure 3). Of particular
interest, missense mutations of six specific amino acids located
within the C-terminal WD40 repeats, N520, H521, G536, S561,
K615, and R641, are identified as mutation hotspots of TRAF7
detected in more than 15 cancer patients (Figure 3). N520
mutations (N520S, H, Y, or T) are found in 31 patients with
meningioma, mesothelioma, sarcoma and colon cancer (12,
106, 282, 284, 285, 293, 294). Mutations of the next amino
acid H521 (H521R or N) are identified in 15 patients with
adenomatoid tumor, perineurioma, and meningioma (281, 283,
284). G536 mutations (G536S or V) are detected in 16 patients
with meningioma, pancreatic cancer, mesothelioma and stomach

cancer (106, 282, 284, 285, 293-295). S561 mutations (S561R,
N or T) are identified in 19 patients with adenomatoid tumor,
perineurioma and meningioma (281, 283, 284). K615E mutations
are detected in 15 patients with meningioma and OSCC (284,
296). R641 mutations (R641H, C, P, or L) are detected in 24
patients with uterine, bile duct, colon, stomach and lung cancers
and meningioma (TCGA, PanCancer Atlas) (8, 106, 282, 284,
285, 294, 297-299). Although the functional significance of
most TRAF7 mutations is currently unclear, the exceptionally
high recurrence and clustering of missense mutations implicate
TRAF7 malfunction as a critical pathogenic event in relevant
human cancers.

Fusion

There are six different fusions of TRAF7 and other genes detected
in human cancers, including TRAF7-LRRCI in lung cancer,
GFER-TRAF7 in mesothelioma, CORO7-TRAF7 in glioma,
TRAF7-MAPKSIP3 in bladder cancer, and TRAF7-RAB26 and
E4F1-TRAF7 in ovarian cancer (TCGA) (106). Among these,
only the TRAF7-LRRCI fusion is recurrently detected in two
patients with lung cancer (TCGA). However, all the TRAF7 gene
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FIGURE 4 | Combined genetic alterations of the TRAF family in human cancers. Representative results of the combined genetic alterations of the TRAF family in
individual human cancers are retrieved from TCGA, specifically bladder cancer, lung cancer, melanoma, cervical cancer, HNSCC, and colon cancer. The sample size
and the number of patients containing genetic alterations of TRAFs as well as the frequency of each TRAF alteration are indicated for each type of cancer in the figure.
The nature of TRAF genetic alteration identified in each patient is indicated by a mutation symbol as shown at the bottom legend of the figure.
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fusions have not been verified at the protein level and their
functional consequence is unknown.

In vivo Evidence of Potential Roles in

Cancer Pathogenesis

No TRAF7~/~ or TRAF7-tg mouse model has been published
yet. Importantly however, Tokita et al. recently reported that
de novo missense mutations in TRAF7 cause developmental
abnormalities and other clinical symptoms in seven unrelated
patients, including developmental delay (5/5), congenital heart
defects (6/7), limb and digital anomalies (7/7), and dysmorphic
facial features (7/7) (300). TRAF7 mutations identified in this
study include a recurrent R655Q mutation found in four patients,
and another 3 single mutations each identified in one patient,
including K346E, R371G, and T601A (300). Interestingly,
R371 recurrent mutations are also detected in human cancers
(Figure 3). K346 is a ubiquitination site of TRAF7 (301). Both
K346 and R371 are located in the coiled-coil domain of TRAF7
that is important for TRAF7 homodimerization (302, 303). The
recurrent R655Q mutation has also been previously identified
as a de novo event in an autism patient (304). Both T601 and
R665 are located in the C-terminal WD40 repeats of TRAF7,
which contain most mutation hotspots of TRAF7 detected
in human cancers (Figure 3) and are known to mediate the
interaction of TRAF7 with MEKK3 or c-Myb (302, 305). Tokita
et al. further revealed that transfection of the R665Q, T601A,

or R371G mutants of TRAF7 into HEK293T cells results in
significantly reduced levels of ERK1/2 phosphorylation, both
basal and in response to TNFa signaling (300). Consistent with
this biochemical evidence, conditional ERK27/~ mice show
a phenotype mirroring that observed in the seven patients
with TRAF7 mutations, including craniofacial abnormalities,
cardiovascular malformations and limb defects (306). These
highly interesting findings warrant further investigation of the
in vivo functions of TRAF7 mutations in cancer pathogenesis
using animal models.

TRAF7-Mediated Signaling Pathways

Compared to other TRAF proteins, the signaling mechanisms
of TRAF7 are understudied and remain poorly defined (289,
307). In addition to the above TRAF7-ERK1/2 pathway revealed
by studying TRAF7 mutants of patients with developmental
defects, the following TRAF7 signaling pathways have been
proposed based on in vitro studies. (1) Transfection of tumor-
derived TRAF7 mutants (H521R, Y538S, or S561R) but not
WT TRAF7 in 293T cells causes increased phosphorylation
of RelA and expression of the NF-«kB target gene LICAM,
which is also elevated in adenomatoid tumors (281). (2)
Overexpression of TRAF7 or TNFa induces caspase-dependent
apoptosis in HEK293 and HeLa cells via the TRAF7-MEKK3-
NF-kB/p38/JNK-AP1/CHOP pathway, in which TRAF7 interacts
with MEKK3 and potentiates the kinase activity of MEKK3

.
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FIGURE 5 | Causal roles and signaling mechanisms of TRAF proteins in skin carcinogenesis. Evidence of both genetic alterations of TRAFs in human patients as well
as in vivo TRAF~/~ mouse models indicates that alterations of multiple TRAF proteins, specifically TRAF1, TRAF2, and TRAF4, play causal roles in skin
carcinogenesis. Oncogenic TRAF proteins (TRAF1 and TRAF4) are depicted in red, while tumor suppressive TRAF2 proteins are depicted in blue. This figure depicts a
simplified model of keratinocyte-intrinsic, TRAF-dependent signaling mechanisms in skin carcinogenesis. Only key TRAF-dependent receptors, TRAF-interacting
proteins and downstream kinases and transcription factors that have been verified in both human cancers and in vivo mouse models are shown.
Keratinocyte-extrinsic, indirect mechanisms of TRAF proteins in skin carcinogenesis are not depicted in the figure, including the known roles of TRAFs in tumor
immunity, inflammation and bone resorption and thus their indirect contributions in tumorigenesis and metastasis.
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(302, 303). (3) TRAF7 mediates TNFa-induced apoptosis in ~ NF-kB activation or altered signaling of ERK1/2, p38, JNK, c-
Jurkat and HeLa cells via promoting the K29-, K33-, and K63-  FLIP, c-Myb, or p53 to drive tumorigenesis. Further studies
linked ubiquitination and lysosomal degradation of c-FLIP, an  are required to clarify the roles and mechanisms of TRAF7
inhibitor of caspase activation (308). (4) TRAF7 represses TNFa-  alterations in cancer pathogenesis.

induced NF-kB activation to enhance apoptosis in HEK293

cells by promoting K29-linked ubiquitination and lysosomal

degradation of NEMO and RelA (309). Paradoxically, TRAF7 is COMBINED GENETIC ALTERATIONS OF

identified as an activator of the NEMO-RelA-NF-kB-cyclin D1 ALL TRAFS IN THE SAME HUMAN

pathway in mouse myoblasts and thus a suppressor of myoblast CANCER

differentiation (310). (5) TRAF7 participates in TLR2-induced

production of inflammatory cytokines (TNFa, IL-1f8, and IL-8)  After analyzing the genetic alterations of each TRAF gene in
in A549 and HeLa cells by acting in the TLR2-TRAF6/TRAF7-  human cancers individually, we next examined the combined
IKK1/2/NEMO-NF-kB and TLR2-TRAF6/TRAF7-MKK3/6-p38  genetic alterations of all TRAFs in the same type of human cancer
pathways (311). (6) TRAF7 inhibits the transcriptional activity =~ using the TCGA tool. Although the frequency of the genetic
of the oncoprotein ¢c-Myb in M1 mouse leukemia cells and  alterations of each TRAF is generally low (usually <5%), their
DND39 human Burkitt’s Blymphoma cells by directly interacting ~ combined rate is substantially increased to 10-35% in many
with ¢-Myb and stimulating the sumoylation of c¢-Myb to  types of human cancers (Figure 4) (TCGA). For example, the
sequester c-Myb in the cytoplasm (305). (7) TRAF7 mediates = combined frequency of gene amplification of all seven TRAFs
K48-linked ubiquitination of p53 as demonstrated by an in vitro  is 35% (709/2015) in breast cancer (313, 314). The combined
ubiquitination assay, which likely induces p53 degradation.  frequency of genetic alterations of all seven TRAFs is 23%
Correspondingly, TRAF7 protein is downregulated and p53  (71/311) in ovarian cancer (TCGA, Provisional), 19% (77/408)
protein is upregulated in a panel of breast cancer specimens, in bladder cancer (152), 19% (45/240) in uterine cancer (193),
and TRAF7 downregulation correlates with poor prognosis  17% (81/469) in lung cancer (TCGA, PanCancer Atlas), 15%
in breast cancer (312). In summary, WT TRAF7 appears to  (41/265) in oesophageal cancer (315), 14% (48/353) in liver
be a tumor suppressor that promotes cell apoptosis. TRAF7  cancer (TCGA, PanCancer Atlas), 13% (35/279) in HNSCC
mutations or downregulated protein levels may lead to aberrant ~ (113), 13% (36/278) in cervical cancer (TCGA, PanCancer Atlas),
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FIGURE 6 | Complex protective and pathogenic roles as well as signaling mechanisms of TRAF proteins in B cell malignancies. Evidence of both genetic alterations of
TRAFs in human patients as well as in vivo TRAF knockout and transgenic mouse models indicates that alterations of multiple TRAF proteins, specifically TRAFT,
TRAF2, TRAF3, TRAF5, and TRAF6, play causal roles in the pathogenesis of B cell malignancies, such as B lymphomas and multiple myeloma. Tumor suppressive
TRAF proteins (TRAF2 and TRAF3) are depicted in blue, while oncogenic TRAF proteins (TRAF1, TRAF5, and TRAF6) are depicted in red. This figure depicts a
simplified model of B cell-intrinsic, TRAF-dependent signaling mechanisms in B cell malignancies. Only key TRAF-dependent receptors, TRAF-interacting proteins and
downstream kinases and transcription factors that have been verified in both human cancers and in vivo mouse models are shown. Potential contribution of TRAF1,
TRAF2, and TRAF6 in LMP1 signaling, TRAF6 in B cell receptor (BCR) signaling and TRAFs in CD40- and LMP1-induced activation of PI-3K-Akt to B cell
tumorigenesis are not included in the figure.
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TABLE 3 | Pathogen-encoded proteins that exploit or target TRAFs to induce carcinogenesis in humans.

Pathogen proteins TRAFs Mechanisms Cancer type References

BACTERIAL ONCOPROTEINS

Cag PAI of H. pylori TRAF1, 2,6 Utilizes TRAF1, 2, and 6 to induce NF-kB Gastric cancer (316, 319)
activation and IL-8 secretion

Tip-a of H. pylori TRAF3 Induces TRAF3 protein and NF-«kB activation Gastric cancer (820)

VIRAL ONCOPROTEINS

LMP1 of EBV TRAF1,2,3,5,6

by inhibiting miR-3178 expression, which
targets TRAF3

Sequesters cellular TRAF3, and usurps TRAF1,
2, 3, 5, and 6 to mimic constitutively activated
CD40 signaling, induces NF-kB1 and NF-kB2

B lymphomas

(1,172,178, 321)

activation, and induces

EGFR expression Nasopharyngeal (822-324)
carcinoma
TRAF5, 6 Recruits TRAF5 and 6 to activate p38 and Burkitt's (325)
suppress the replication of EBV, maintaining the lymphoma
lalent state of EBV
v-FLIP of KSHV TRAF2, 3 Recruits TRAF2 and 3 to activate NF-kB and Primary effusion (326)
JNK;, and to induce cell survival lymphoma
puUL48 of HCMV TRAFS, 6 Deubiquitinates TRAF3 and 6 to inhibit type | Breast cancer, (827)
IFN production, enhances cellular metabolic glioma
activity and upregulates anti-apoptotic proteins
E6 protein of HPV TRAF3 Inhibits p53 and RB expression, but E6 protein HNSCC (328)
levels are inhibited by TRAF3
Core protein of HCV TRAF2, 5, 6 Interacts with TRAF2, 5, and 6 to activate Hepatocellular (829, 330)
NF-kB and induce inflammation carcinoma
Tax of HTLV-1 TRAFS, 6 Interacts with TRAF3 and 6 to induce T cell leukemia (831, 332)
TBK1-IKKe activation, type | IFN production
and Mcl-1 stabilization
VIRAL TUMOR SUPPRESSORS
E2 protein of HPV TRAF5, 6 Interacts with TRAF5 and 6, promotes Cervical cancer, (333, 334)

K63-linked ubiquitination of TRAF5, and

HNSCC

potentiates TNFa-induced NF-«B activation by

activating TRAF5

13% (58/438) in melanoma (TCGA, PanCancer Atlas), 12%
(46/389) in colon cancer (TCGA, PanCancer Atlas), and 10%
(106/1013) in prostate cancer (98). It is interesting that genetic
alterations of different TRAFs are often mutually exclusive in
the same cancer patient and simultaneous genetic alterations
of two or three different TRAFs in the same cancer patient
are generally rare events (Figure4) except for ovarian cancer
(TCGA, Provisional), uterine cancer and melanoma (TCGA,
PanCancer Atlas).

We summarize key oncogenic pathways that involve multiple
TRAF proteins in skin carcinogenesis as depicted in Figure 5 as
well as in B cell malignancies as depicted in Figure 6, both of
which have been verified by studies of human cancers and in vivo
mouse models. However, we believe current understanding only
represents “the tip of the iceberg” of oncogenic mechanisms
involving TRAF proteins. Given the often mutually exclusive
genetic alterations of different TRAFs in the same cancer, it
is very likely that all seven TRAFs may have non-overlapping
and distinct contributions to different aspects or at different
stages of the initiation, progression and metastasis of the same
cancer. These unanswered questions represent fascinating areas
for future exploration.

TRAF PROTEINS IN PATHOGEN-INDUCED
CARCINOGENESIS

The importance of TRAF proteins in cancer pathogenesis is
strengthened by mounting evidence that demonstrates their
involvement in pathogen-mediated carcinogenesis in certain
human cancers. For example, chronic infection with the bacteria
Helicobacter pylori (H. pylori) is a major cause of gastric cancer.
H. pylori infection induces TRAF1 overexpression and the
expression of the transcription factor Cdx2 in both human
gastric epithelial cells and mice, which are mainly driven by
NF-kB activation. TRAF1 overexpression plays an antiapoptotic
role in H. pylori-infected gastric cells (316). Induction of
Cdx2 contributes to intestinal metaplasia, a precursor event to
gastric cancer. Interestingly, TRAF3 inhibits H. pylori infection-
induced NF-kB activation and Cdx2 expression, and is required
to resist the infection by acting in the NOD1-RIP2-TRAF3
pathway in gastric epithelial cells (317, 318). Furthermore,
the oncoprotein cag PAI of H. pylori activates NF-kB and
induces IL-8 secretion through the TRAF2/TRAF6-NIK-IKK
pathway in gastric cancer cells (319). Another carcinogenic
factor, Tip-a, of H. pylori activates NF-kB by inhibiting the
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expression of miR-3178, which directly targets TRAF3 mRNA
for downregulation, in gastric epithelial cells (320). Therefore, H.
pylori chronic infection-induced gastric tumorigenesis involves
activation of TRAF1, TRAF2, and TRAF6 as well as inhibition of
TRAF3 (Table 3).

A variety of viral infections have also been linked to
cancer development. DNA viruses, such as Epstein-Barr virus
(EBV), Kaposi’s sarcoma-associated herpesvirus (KSHV), human
cytomegalovirus (HCMV) and human papilloma virus (HPV),
cause NPC, B lymphomas, breast cancer, glioma, cervical cancer,
and HNSCC in the host (335, 336). RNA viruses, such as hepatitis
C virus (HCV) and human T-cell leukemia virus type 1 (HTLV-
1), may lead to HCC and T cell leukemia, respectively, in an
infected individual (335, 336). Notably, oncogenic proteins of
these viruses exploit or target one or multiple TRAF proteins
for their signal transduction. These include the EBV-encoded
oncoprotein LMP1, v-FLIP of KSHV, pUL48 of HCMYV, E2 and
E6 of HPV, Core protein of HCV and Tax protein of HTLV-1. In
particular, consistent with the high frequency of TRAF3 deletions
and mutations in HPV+ HNSCC, overexpression of TRAF3
inhibits the growth, migration and chemoresistance of HPV+
HNSCC by decreasing HPV E6 oncoprotein and increasing p53
and RB tumor suppressors (328). We briefly summarize the
TRAF-dependent signaling mechanisms of pathogen-encoded
proteins that contribute to human carcinogenesis as detailed in
Table 3.

INDIRECT MECHANISMS OF TRAFS IN
HUMAN CANCERS

Although beyond the scope of this review, we would like to
point out that as critical regulators of adaptive immunity,
innate immunity, and inflammation (1-4), TRAF proteins
may indirectly contribute to the development, progression,
and metastasis of various cancers by affecting tumor
surveillance, tumor immunity, chronic inflammation and
the tumor microenvironment. For example, disorders of
innate antibacterial response are of fundamental importance
in the development of gastrointestinal cancers, including
pancreatic cancer, and increased expression of TRAF6, TLR4,
and NOD1 are detected in peripheral blood leukocytes of
pancreatic cancer patients (337). Specific deletion of TRAF3
from myeloid cells leads to development of B lymphomas
and liver cancer in mice (56, 174). Similarly, lymphocyte-
specific TRAF3 transgenic mice develop autoimmunity,
inflammation and cancers (such as squamous cell carcinomas
of the tongue, salivary gland tumors, and hepatoma) (55).
TRAF2 regulates inflammatory cytokine production in tumor-
associated macrophages, which facilitates tumor growth (46).
TRAF4 promotes lung cancer aggressiveness by modulating the
tumor microenvironment in normal fibroblasts via the TRAF4-
NOX2/NOX4/p47-phox-ROS  pathway (338). Importantly,
TRAFs are also recognized as potential targets or modulators
of cancer immunotherapy. For example, the immune adjuvants
dsRNA such as Sendai Virus, poly-I:C, and rintatolimod all
activate the TLR3-TRAF3-IRF3 axis to promote CD8 cytotoxic

T lymphocytes chemotaxis to the tumor microenvironment
in cancer immunotherapy (339). Anti-GITR immunotherapy-
induced tumor-specific Th9 cells, which are highly effective
in eradicating advanced tumors in vivo, display a unique
hyperproliferative feature driven by the Pu.l-TRAF6-NF-kB
axis (340, 341). Furthermore, TRAF3 and TRAF6 are crucial
for osteoclast differentiation, and therefore can regulate
bone metastasis of various cancers (4, 342). We shall witness
rapid advancement in these exciting areas in the coming
years.

CONCLUSIONS

In this article, we have analyzed the current evidence of
genetic alterations of the TRAF family in human cancers.
The results revealed that genetic alterations of all seven
TRAF genes are present in various human cancers and that
recurrent mutations of each TRAF gene have been detected in
cancer patients. In particular, loss-of-function genetic alterations
of TRAF2 and TRAF3 are frequently detected in B cell
malignancies, and the rates of missense mutations of TRAF7
are overwhelmingly high in adenomatoid tumors, secretory
meningiomas and perineuriomas. Gain-of-function alterations
(gene amplification and overexpression) are common for TRAFI,
TRAF4, TRAF5, and TRAF6 in human cancers, and are
also identified for TRAF2 in epithelial cancers. Corroborating
human evidence, direct causal roles of TRAF genetic alterations
(except TRAF7) in tumorigenesis have been demonstrated
in vivo with genetically engineered mouse models that have
each TRAF gene deleted or overexpressed in specific cell
types. Importantly, however, the functional significance of most
TRAF point mutations identified in human cancers remains
to be assessed in future studies. A number of interesting
TRAF-dependent oncogenic and tumor suppressive pathways
have been elucidated from both in vivo and in vitro studies,
although current understanding is still far from complete
and further investigation is required. The significance of
TRAFs in cancer pathogenesis is reinforced by the evidence
that TRAF proteins also participate in pathogen-induced
carcinogenesis, including bacteria and viruses. Furthermore,
emerging evidence indicates that TRAF proteins can indirectly
contribute to tumorigenesis and metastasis by affecting tumor
immunity, chronic inflammation, bone resorption, and the
tumor microenvironment. In conclusion, the information
presented in this article provides a rationale for the development
of novel immunotherapies and other strategies to manipulate
TRAF proteins or TRAF-dependent signaling pathways in
human cancers by precision medicine, which represents the next
primary challenge in the field.
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TNF-Receptor Associated Factor (TRAF)-3 is a master regulator of B cell homeostasis
and function. TRAF3 has been shown to bind and regulate various proteins involved in the
control of innate and adaptive immune responses. Previous studies showed that TRAF3
overexpression renders B cells hyper-reactive to antigens and Toll-like receptor (TLR)
agonists, while TRAF3 deficiency has been implicated in the development of a variety of
B cell neoplasms. In this report, we show that transgenic mice overexpressing TRAF3
and BCL2 in B cells develop with high incidence severe lymphadenopathy, splenomegaly
and lymphoid infiltrations into tissues and organs, which is the result of the growth of
monoclonal and oligoclonal B cell neoplasms, as demonstrated by analysis of VyDJy
gene rearrangement. FACS and immunohistochemical analyses show that different types
of mature B cell neoplasms arise in TRAF3/BCL2 double-transgenic (tg) mice, all of
which are characterized by the loss of surface IgM and IgD expression. However,
two types of lymphomas are predominant: (1) mature B cell neoplasms consistent
with diffuse large B cell lymphoma and (2) plasma cell neoplasms. The Ig isotypes
expressed by the expanded B-cell clones included IgA, 1gG, and IgM, with most having
undergone somatic hypermutation. In contrast, mouse littermates representing all the
other genotypes (TRAF3-/BCL2-; TRAF3+/BCL2-, and TRAF3-/BCL2+) did not develop
significant lymphadenopathy or clonal B cell expansions within the observation period of
20 months. Interestingly, a large representation of the HCDR3 sequences expressed in
the TRAF3-tg and TRAF3/BCL2-double-tg B cells are highly similar to those recognizing
pathogen-associated molecular patterns and damage-associated molecular patterns,
strongly suggesting a role for TRAF3 in promoting B cell differentiation in response
to these antigens. Finally, allotransplantation of either splenocytes or cell-containing
ascites from lymphoma-bearing TRAF3/BCL2 mice into SCID/NOD immunodeficient
mice showed efficient transfer of the parental expanded B-cell clones. Altogether,
these results indicate that TRAF3, perhaps by promoting exacerbated B cell responses
to certain antigens, and BCL2, presumably by supporting survival of these clones,
cooperate to induce mature B cell neoplasms in transgenic mice.

Keywords: TRAF3, BCL2, DLBCL —diffuse large B cell ymphoma, plasma cell neoplasms, pathogen recognition
receptors (PRRs), B cell ymphoma
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INTRODUCTION

Tumor Necrosis Factor Receptor (TNFR)-associated factors
(TRAFs) constitute a family of scaffold proteins that interact
with the cytoplasmic regions of various members of the
TNEFR superfamily upon their activation. TRAFs act as docking
molecules for kinases, ubiquitin-ligases, ubiquitin-proteases and
other effector proteins to comprise and modulate TNFR-
signalosomes. In this regard, TRAFs regulate both the subcellular
localization of the receptor-ligand complexes and the extent
of the signaling response by controlling the composition and
post-translational modification of proteins within these receptor
signaling complexes. Additionally, some members of the TRAF
family also regulate signaling and function of pattern recognition
receptors (PRRs) and some interleukin-family receptors (1).

The role of TRAF-family proteins in regulating lymphocyte
physiology and function is incompletely understood. This
gap in knowledge is particularly relevant for TRAF3, which
reportedly modulates multiple signaling pathways and plays
a critical role in regulating B cell survival, activation and
differentiation (2, 3). With regards to adaptive immunity, for
example, TRAF3 binds and regulates signaling by different
TNFR family members in B-lymphocytes, including CD40, B-
cell activating factor receptor (BAFFR), transmembrane activator
and CAML interactor (TACI) and B-cell maturation antigen
(BCMA), which are critical regulators of B cell proliferation,
differentiation and survival (4, 5). Additionally, TRAF3 regulates
Toll-like receptors (TLRs) through its interaction with myeloid
differentiation primary response 88 (MyD88) and TIR-domain-
containing adapter-inducing interferon-p (TRIF) (6), thereby
participating in innate immune responses against pathogen-
associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs) (7, 8). TRAF3 is also involved
in the regulation of nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs) and retinoic acid-inducible gene
(RIG)-1-like Receptors (RLRs) through its interaction with
receptor interacting protein (RIP)-2 (9) and mitochondrial
antiviral-signaling (MAVS) protein (10), respectively, which
are intracellular sensors of bacteria and virus products (11).
Moreover, TRAF3 has also been shown to regulate IL17R
signaling (12). Thus, TRAF3 is a pleiotropic protein controlling
multiple pathways involved in the regulation of B cell
proliferation, differentiation, survival with broad relevance to
both adaptive, and innate immunity.

Probably because of its pleiotropic effects, TRAF3 has
seemingly opposite functions in some cellular contexts. This is
well-illustrated by analysis of B cell-specific Traf3-deficient mice
(13) and lymphocyte-specific TRAF3-tg mice (14). B cell-specific
Traf3-deficient mice develop B cell hyperplasia and have high
Ig titers in serum, suggesting that endogenous TRAF3 might
suppress B-cell expansion. In this regard, Traf3 deficiency in
B cells results in nuclear factor kB (NF-kB)-2 activation due
to a role of endogenous TRAF3 in recruiting ubiquitin ligases
that promote degradation of NK-kB-inducing kinase (NIK) (15),
although the actual mechanism involved in TRAF3-mediated
NIK regulation in B cells remains controversial (16). One of
the consequences of TRAF3 deficiency (presumably attributed to

the NF-kB2 over-activation) is the expansion of marginal zone
(MZ) B cells (13, 17), which might explain the hyperreactivity to
TLR ligands (18) and the systemic lupus erythematosus (SLE)-
like autoimmunity observed in these mice (13). MZ B cells do
not normally express or have very reduced levels of TRAF3
expression (19) and are naturally overreactive to TLR ligands
(11, 20). In contrast, lymphocyte-specific TRAF3-tg mice develop
progressive plasmacytosis and hypergammaglobulinemia, show
exacerbated TLR responses as well as increased IgG production
in response to T-I and T-D antigens, and develop systemic
inflammation and SLE-like autoimmunity (14). This phenotype
suggests that TRAF3 over-expression also causes excessive B-
cell function that can manifest as SLE-like autoimmunity, in
this case perhaps by driving B cell differentiation to produce
abundant antibody-secreting cells (ASCs) via a process that
might speculatively be PRR-dependent.

TRAF3 has been proposed as a tumor suppressor protein
since a number of biallelic deletions or inactivating mutations
has been identified in human B cell malignancies, including
B-chronic lymphocytic leukemia (CLL), splenic marginal zone
lymphoma (SMZL), mantle cell lymphoma, diffuse large B-cell
lymphoma (DLBCL), and multiple myeloma (MM), as well as in
Waldenstrom’s macroglobulinemia (21-27). In agreement with
these results, B-cell-specific Traf3-deficient mice were reported
to develop clonal SMZL or Bla lymphomas (28). These results
are consistent with the hypothesis that TRAF3 inactivating
mutations (resulting in constitutive NF-kB2 activation in B cells)
predispose to malignant transformation irrespective of the B cell
maturation state.

Previously, we have shown that lymphocyte-specific TRAF3-
tg mice have extra-nodal infiltration of B-cells into many
organs and these animals experience an increased incidence
of inflammation-driven solid tumors, including squamous
cell carcinomas, lung carcinomas and hepatomas. However,
these mice did not show formal evidence of B-lymphoid
malignancy. Interestingly, intraperitoneal (I.P.) inoculation of
pristane, a natural saturated terpenoid alkane known to promote
autoimmune diseases and plasmacytoma in mice (29, 30), into
TRAF3-tg mice resulted in increased tertiary organs formation
and exacerbated autoimmunity, but other than a few cases
of plasmacytoma, this treatment failed to promote manifest
development of myeloma or other B-cell neoplasms (14). Taken
together, these results suggest that TRAF3 upregulation causes
severe alterations in B cell differentiation but is not sufficient to
promote B cell transformation by itself.

Previously, we reported that mice with the combination of
upregulated BCL2 and deficient TRAF2 signaling in B cells
develop small B cell lymphoma (SBL)/CLL with high incidence,
while neither deficient TRAF2 function nor BCL2 upregulation
alone were sufficient to induce CLL or other malignancies in mice
(31, 32). BCL2 overexpression is a landmark of CLL, follicular
lymphoma (FL) and other B cell malignancies (33), including
DLBCL (34). In this report, we show that the combination
of TRAF3 and BCL2 overexpression in B cells leads over
time to severe lymphadenopathy, splenomegaly and extranodal
lymphoid infiltrations in tissues and organs in the mice, which
is not observed in mice with mono-transgenic TRAF3 or BCL2.
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This dysplasia is the result of monoclonal and oligoclonal B cell
neoplasms (as demonstrated by the analysis of rearranged Vi D/
genes). In addition, we show that TRAF3 upregulation favors
the production of VgDJy rearrangements producing HCDR3
sequences similar to those recognizing PAMPs and DAMPs.

MATERIALS AND METHODS

Transgenic Mice

Lymphocyte-specific TRAF3-tg (14) and B cell-specific BCL2-
tg mice mimicking the t(14;18) (q32;21) chromosomal
translocation involving BCL2 and IgH found in human FLs
(35) have been previously described. TRAF3-tg (FVB/N) and
BCL2-tg (BALB/c) heterozygous mice were bred to produce F1
litters with progeny of the four possible genotypes [(wild-type
—/-; TRAF3-tg (single-positive 4/-); BCL2-tg (single-positive
-/4+); and TRAF3/BCL2 (double-positive +/+)] expressed
on FVB/N x BALB/c mixed background. Analysis of the
transgenic mouse genotypes was performed by polymerase
chain reaction (PCR) using primers specific for human
TRAF3 (forward 5-TCGAGTTTGCCACCATGG-3 and
reverse 5'-GCGCGATCATCGGAACC-3’) and BCL2 (forward
5-TTAGAGAGTTGCTTTACGTGGCCTG-3" and reverse 5'-
ACCTGAGGAGACGGTGACC-3'). The animal protocols were
approved by the Institutional Animal Care and Use Committees
of the Sanford Burnham Prebys Medical Discovery Institute
and by the Bioethics Committee of the Consejo Superior
de Investigaciones Cientificas. Mice showing symptoms of
distress and pain (heavy breath, weight loss, lethargy, etc.) were
euthanized. All transgenic mice in the study were heterozygotes
for each transgene.

Antibodies

Antibodies against human TRAF3 (19) and BCL2 (36) were
previously described. TRAF3 (C-20), CDI10 (F-4), BCL6
(N-3), PCNA (FL-261), and ERK2 (C-14) were from Santa
Cruz Biotechnologies. MUM-1 (ABIN721195, antibodies
online), CD45R/B220 (14-0452-81, Thermofisher scientific),
Ki67 (Ab15580, Abcam), cIAP1/2 (R&D systems) and pre-
adsorbed HRP-conjugated anti-mouse IgG (Sigma-Aldrich)
and anti-mouse IgA (Novus biologicals) were used for western
blot and/or immunohistochemistry analysis. Anti-rabbit and
anti-mouse HRP-conjugated secondary antibodies were from
Santa Cruz Biotechnologies or from Sigma-Aldrich. For flow
cytometry analysis FITC- PE- and APC-labeled antibodies
against mouse CD45R/B220, CD19, CD21, CD23, CD5, CD43,
CD138/Syndecan-1, IgM, IgD, IgG (all from BD Biosciences)
were used.

Isolation of Mononuclear and B Cells

Spleens, lymph nodes and blood from tg mice and WT
littermates were collected and mononuclear cells were isolated
by Ficoll density centrifugation (Lympholyte-M; Cedarlane
Laboratories, Burlington, NC). B cells were isolated by negative
magnetic selection using the StemSep mouse B cells enrichment
kit (StemCells Technologies, Vancouver, CA), following the
manufacturer’s specifications.

Flow Cytometry Analysis

Mononuclear cells isolated as described earlier were incubated
with 50 ug/ml human y-globulin for 10 min at 4°C. Then, 10°
cells were incubated with a combination of FITC-, PE-, or APC-
conjugated antibodies recognizing various surface markers. After
40 min of incubation at 4°C, cells were washed with PBS and
analyzed by flow cytometry in a FACS Canto II cytofluorimeter
and the FlowJo (LLC) and FACSDiVa 6.1.2 (BD Biosciences)
cytometry analysis softwares. Intracellular IgG expression
was determined using a commercial fixation/permeabilization
kit (Fitx&Perm; Invitrogen Life Technologies), following the
manufacturer’s instructions.

Immunohistochemistry

Tissues and organs from transgenic mice were fixed in 10%
formalin (Sigma-Aldrich), embedded in paraffin. Tissue sections
(5um) were deparaffinized and antigen retrieval was then
performed in citrate buffer solution pH 6 (Dako). Sections
were then rinsed with distilled water, treated 10 min at room
temperature with peroxidase blocking solution (10% H,O, in
methanol) and then washed with TBS. After blocking with
a TBS buffer containing normal goat serum for 1h at room
temperature, the corresponding primary antibodies were applied
to the sections over night at 4°C. After washing with TBS, a
HRP conjugated secondary antibody (Sigma Aldrich) was used
to detect the primary antibody. Color was developed using a
diaminobenzidine-based detection method (Vector Laboratories,
Burlingame, CA), and sections were then counterstained with
hematoxylin, dehydrated, and mounted in DPX (Fluka). Tissue
sections were stained with hematoxylin and eosin (H&E).

Immunoblots

Cells from different mouse tissues were lysed in modified
Laemmli buffer (0.125M Tris pH 6.8, 4% SDS, and 20%
glycerol) and sonicated. Protein concentration was determined
by the bicinchoninic acid method (Pierce, Rockford, IL).
Protein samples (8-15 jg/sample) were supplemented with
2.5% 2-mercaptoethanol and 0.004% bromophenol blue, and
subjected to SDS-PAGE analysis and immunoblotting, using
the indicated primary antibodies and horseradish peroxidase-
conjugated secondary antibodies. Specific bands were detected
using enhanced chemiluminescence and exposure on film. ERK2
expression was used as an internal loading control.

VyDJy Analysis

Tissues and cells from TRAF3xBCL2 mice representing all
different genotypic combinations (-/—; +/—; —/+; and +/+4) were
extracted and total RNA was isolated using TRIzop, reagent and
the PureLink™ RNA mini kit (Life Technologies, Carlsbad,
CA), following the manufacturer’s instructions. Then, RNA was
reverse transcribed into cDNA using 2 U Superscript II reverse
transcriptase (Life Technologies). The IGHV regions were
amplified using the following primers, VH primer (forward) 5'-
SARGTBMAGCTGSAGSAGTCWGG-3'; CHp primer (reverse)
5'-CAGATCTCTGTTTTTGCCTCGTA-3; CHy primer
(reverse) 5'-ATGCAAGGCTTACACCACAATCC-3; and CHa
primer (reverse) 5-TAATAGGAGGAGGAGGAGTAGGAC-3/
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FIGURE 1 | TRAF3/BCL2 double-tg mice develop severe lymphoid dysplasias and have a reduced lifespan. (A) Schematic representation of the expressed
transgenes. BCL2 gene mimics the t(14;18)(q32;g21) translocation involving BCL2 and IgH found in human FLs resulting in BCL2 overexpression. TRAF3 is under the
control of the IgH promoter and the . enhancer. (B) Representative examples of the TRAF3 and BCL2 expression in spleen extracts from mice with different
TRAF3/BCL2 genotypes. Expression of ERK2 is used as loading control. (C) Representative examples of TRAF3/BCL2 double-tg mice with lymphoid dyscrasias.
Mice usually develop two types of lymphadenopathies, group 1 characterized by massive splenomegaly and disseminated lymphadenopathy (a) and group 2 with
moderate splenomegaly and disseminated lymphadenopathy (b). (D) Weight of the spleens of mouse littermates with the different TRAF3/BCL2 genotypes (-/—-, n =
7; +/-,n=10; -/+, n = 10; +/4, n = 32). Mice were euthanized when +/+ mice developed lymphoid dyscrasias. Data represent mean + SEM. (E) Representative
examples of the enlarged spleens developed by diseased TRAF3/BCL2-double-tg mice. The pictures illustrate the differences in aspect and morphology of group 1
(a) and group 2 (b) spleens. (F) Weight of the spleens of group 1 [(a), n = 13] and group 2 [(b), n = 19]. Mice were euthanized when +/+ mice developed lymphoid
(Continued)
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FIGURE 1 | dyscrasias. Data represent mean + SEM. (G) Representative examples of lungs (left) and pancreas (right) showing prominent lymphoid metastasis from
TRAF3/BCL2-double-tg mice. (H) H & E staining of tissues from representative TRAF3/BCL2-double-tg mice showing lymphoid infiltrations. Figure shows lungs (a),
kidney (b), liver (c), and pancreas (d). Magnification is 100 x. The square inside shows a 400 x magnification capture of the infiltrating lymphocytes. Scale bars are
shown. (I) Kaplan—-Meier analysis of survival of mice with the different TRAF3/BCL2 genotypes (-/—, n = 15; +/—, n = 15; —/4+, n = 15; +/+, n = 24). Survival analysis
was performed by using the nonparametric model of Kaplan—-Meier. Log-rank test analysis of TRAF3/BCL2 double-tg mice survival compared to the other groups
demonstrated statistical significance (vs. wild-type, 0.0005; vs. TRAF3-tg, 0.029; vs. BCL2-tg, 0.002).

(Life Technologies). After denaturing DNA at 94°C for 10 min,
the PCR conditions entailed 38 cycles of denaturing at 94°C
for 1 min, annealing at 52°C for 1 min and extension at 68°C
for 1min, with a final extension step at 68°C for 10min.
The PCR products were then analyzed by gel electrophoresis
in a 2% agarose gel, excised and purified (Qiagen). Purified
products were cloned using the pGEM®-T Vector System
(Promega, Madison, WI, USA) and transformed into bacteria,
following the manufacturer’s instructions. From 5 to 15 bacterial
colonies of each sample were grown in culture overnight
and the plasmids were extracted using the Wizard® Plus SV
Minipreps DNA Purification System (Promega). Sequencing
was performed by GATC Biotech (Konstanz, Germany).
Nucleotide sequences were analyzed by means of Chromas
2.4.3 software (Technelysium, Queensland, Australia) and
compared with those mouse germ-line sequences available
in the IMGT/V-QUEST databases (37, 38). Sequences with
<97.5% identity to the corresponding germ-line IGHV sequence
were considered as mutated. Isolectric point (pI) of HCDR3
region was calculated with the Compute pI/Mw tool (ExPASy
Bioinformatics Resource Portal, http://web.expasy.org/compute_
pi/). HCDR3 analysis was carried out comparing the sequence
in the protein BLAST database (restricted to Mus musculus
sequences). Only sequences with at least 75% identity were
considered.

Adoptive Transfer

Splenocytes or lymphocytes isolated from lymph nodes, ascites or
pleural effusion (40-60 x 10°) from representative TRAF3/BCL2
double-tg mice with lymphoma were LP. allo-transplanted
into 8-12 weeks-old non-obese diabetic/severe combined
immunodeficiency (NOD/SCID) mice. Animals were euthanized
when the mice develop sign of illness (distended belly, respiratory
distress, lethargy, etc).

Statistical Analysis

Survival analyses were performed using the Kaplan-Meier
method and the log-rank test. Differences were regarded as
significant when p < 0.05.

RESULTS

TRAF3/BCL2 Double-tg Mice Develop
Severe Lymphoid Dysplasia and Have a
Reduced Lifespan

To assess whether TRAF3 upregulation might contribute to
B cell transformation, we crossed lymphocyte-specific TRAF3-
tg mice (14) with B cell-specific BCL2-tg mice (35). A
schematic representation of the expressed transgenes is shown

in Figure 1A. TRAF3-tg (FVB/N background) and BCL2-tg
(BALB/c background) mice were crossed to produce F1 litters
with mice harboring the different transgene combinations,
TRAF3/BCL2 -/-, +/-, -/+, and +/4. Immunoblot analysis
of spleen extracts from mice bearing the TRAF3 and BCL2
transgenes readily demonstrated the expression of TRAF3 and
BCL2. Moreover, hTRAF3 did not alter the expression of
endogenous mTRAF3 (Figure 1B). Young TRAF3/BCL2 double-
tg mice did not show any significant alteration other than modest
splenomegaly, which was similar to that of the BCL2-tg mice (31).
However, when TRAF3/BCL2 double-tg mice became older they
began developing severe lymphoid dyscrasias, characterized by
massive splenomegaly, and overt disseminated lymphadenopathy
(Figure 1C). Some of the mice also develop pleural effusions
and ascites. In contrast, these pathologies were not found in
littermates of the other genotypes as they aged (Figure 1D and
data not shown).

Interestingly, we observed a pattern in the size and shape of
the spleens of the TRAF3/BCL2 double-tg mice that developed
lymphoid pathologies. Many spleens were extremely large,
ranging from 1.5 to 5.8g, with a pale appearance suggestive
of an accumulation of white blood cells disproportionally to
red blood cells. The spleens grossly had a lumpy surface and
patchy decolorized zones suggestive of large lymphoid nodules
(Figures 1E,Fa). Alternatively, spleens from some animals were
larger than normal (0.3-1.2g) but with a grossly normal
appearance (Figures 1E,Fb).

Lymphadenopathy could be found in the double transgenic
mice irrespective of gross splenic morphology (Figure 1C).
In addition, diseased TRAF3/BCL2 double-tg mice show
massive lymphoid infiltrations in a variety of organs that
often could be seen on gross pathological examination
(Figure 1G). Histopathology studies confirmed the severe
lymphoid infiltration of various tissues and organs (Figure 1H),
including lung (Figure 1Ha), kidney (Figure 1Hb), liver
(Figure 1Hc), and pancreas (Figure 1Hd). Consistent with the
lymphoproliferative pathology observed in the TRAF3/BCL2
double-tg mice, these animals also have a significantly shorter
lifespan than their littermates with wild-type, BCL2-tg, and
TRAF3-tg genotypes (Figure 1I).

DLBCL and Plasma Cell Neoplasms Are the
Most Common Types of B Cell Dyscrasias
Developed by TRAF3/BCL2 Double-tg Mice

Flow cytometry analysis of the lymphoid populations from
lymphoid tissues of diseased TRAF3/BCL2 double-tg mice,
including spleen, nodes, blood, as well as ascites, and pleural
effusion when found in the mice, showed that they were
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FIGURE 2 | Analysis of the B lymphocyte populations expanded in TRAF3/BCL2 double-tg mice with lymphoid dyscrasias. Three-color flow-cytometry analysis was
performed to determine the phenotype of expanded B lymphocyte populations. Gating of the expanded population was based on the CD45R/B220 and FSC plot of
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is indicated in the figure.

FIGURE 2 | each sample analyzed and is indicated in the figure. The surface molecules analyzed are indicated in the plots, as well as the percentage of cells found in
each quadrant. The quadrants settings were selected based on the staining of isotype-controls (not shown). The tissue source where the analyzed lymphocytes were
extracted from and the type of B cell malignancy developed by the TRAF3/BCL2 double-tg mice, according to the flow-cytometry and immunohistochemical analysis,

consistently composed by B cell expansions with distinct surface
marker expression but all indicative of a mature B cell phenotype.
Representative examples are shown in Figure 2. Our results
indicated that the vast majority of these B cell populations
could be allocated into two major groups. The first group was
characterized by large cells (FSC) expressing CD45R/B220 and
CD19, but having lost surface IgM, IgD, and CD21 expression
(Figures 2A,D,E,G). The other group was composed by large cells
lacking CD45R/B220, CD19, CD21, CD23, IgM, and IgD on their
surface but expressing syndecan-1 (CD138) (Figures 2B,E, 4A),
which is indicative of plasma cell lineage. In addition, a few
mice developed a type of lymphoid expansion composed by
small B cells expressing CD45R/B220 and CD19 and lacking
the expression of CD21, CD23, IgM, and IgD on their surface
(Figure 2C). For comparison, Figure 2A, top, shows the surface
markers expression analysis of the remaining normal B cell
population present in the spleen of that mouse.

Sequencing of the VyDJy region of the heavy chain
(IgH) gene locus (deduced from the transcriptome) showed
that both the large B-cell and the plasma cell types of
lymphoid expansions were either monoclonal or oligoclonal
(Table 1), thus indicating that the TRAF3/BCL2 double-tg
mice develop lymphoid neoplasms. Further characterization
of the B cell neoplasms developed by these mice was
accomplished by immunohistochemistry. These results further
confirm the expression in these neoplasms of TRAF3 (which
was more often located in the nucleus than in the cytoplasm),
and BCL2 (which was present in the cytosol) (Figure3
and Supplementary Figures 1-3). Moreover, based on the
differential expression of MUM-1, BCL6, and CD10, we conclude
that most of the lymphoid neoplasms characterized by very large
spleens were consistent with DLBCL. Figure 3 shows a DLBCL
expressing BCL6T, MUM-1""! and CD10™!, representative of
the GC B cell cluster. Other examples of DLBCL are shown
in Supplementary Figure 1. In the DLBCL group, which is
characterized by large cells (FSC™) expressing CD45R/B220 and
CD19, we also found examples of mice with B cell neoplasms
showing a prominent starry sky pattern, positive staining for
BCL6, MUM-1, and CD10 and a high proliferation index, as
shown by Ki67 staining, consistent with a high-grade B-non
Hodgkin lymphoma (NHL) (Supplementary Figure 2). Of note
is that this later lymphoma also has c-MYC overexpression
(not shown). Interestingly, one mouse developed a B cell
neoplasm consistent with a rare type of DLBCL expressing CD5
(Figure 2A). Immunohistochemical analysis of representative
examples of the plasmacytoid neoplasms confirmed expression of
either cytosolic IgG or IgA and showed a high Ki67 proliferation
index (>50%), consistent with a plasma cell neoplasia (Figure 3
and Supplementary Figure 3). Consistent with this diagnosis,
some neoplasms of this group also express cytosolic I1gG as
demonstrated by FACS and immunoblotting of protein extracts

of lymphoid tissues from representative TRAF3/BCL2 double-
tg mice with this type of lymphoid expansions (Figure 4).
A diagram representing the frequency of the different B cell
neoplasms found in the TRAF3/BCL2 double-tg mice is provided
in Figure 3.

TRAF3/BCL2 Double-tg Mice Develop

Clonal B Cell Expansions

As indicated above, the analysis of the VyDJy rearrangements
confirmed the existence of clonal B cell expansions in the
TRAF3/BCL2 double-tg mice observed with aging (Table1).
The expanded clones were mono- or oligoclonal and the Ig
subtypes of these clones varied (IgA, IgG, and IgM were
observed). In addition, somatic hypermutation (SHM) took place
in approximately half of the IgM clones and most (75-80%)
of the IgA and IgG clones. The fact that most of these clones
have experienced Ig class switching and SHM suggests that
these neoplasms arise from antigen-activated B cells that have
undergone differentiation in germinal centers (GCs), although
extra-follicular differentiation is also a possibility, in particular
for those clones expressing IgM. In some instances, distinct clonal
expansions were found in different lymphoid tissues of the same
mouse, as indicated by the Ig subclass and the HCDR3 sequence
of the expanded clones (Table 1).

As one hallmark of cancer is the ability of tumor cells to
grow into immunodeficient recipients after transplantation,
we used splenocytes or lymphocytes from either ascitic
fluid or pleural effusion for allo-transplantation into
SCID/NOD immunodeficient mice (Table2). For these
experiments we used lymphocytes from mice representing
three of the most characteristic of the B cell neoplasms
developed by the TRAF3/BCL2 double-tg mice. One of
the donor mice (#3) developed splenomegaly (1,200 mg),
severe diffuse lymphadenopathy (5,000mg) and ascitic
fluid. FACS analysis (Figure 2D) and immunohistochemistry
(Supplementary Figure 2) of the spleen was consistent with
a high-grade B-NHL. A major IgA clone was found in spleen
and ascites, although other polyclonal IgM, IgG, and IgA
populations were also found, in particular in ascitic fluid
(Supplementary Figure 4). In addition, the analysis of a node
from this mouse showed the existence of an expanded clone
(IgM) different to that found in spleen and ascites (Table 1).
Allo-transplantation of ascitic lymphocytes from mouse #3
resulted in efficient implantation, taking only 3-4 weeks
for the development of overt lymphoma in recipient mice.
Necropsies showed that recipient SCID/NOD mice had massive
lymphadenopathy and ascitic fluid but fairly normal spleens
(Table 2). A similar result was obtained when ascites from one
F1 transplanted mouse was transferred to another SCID/NOD
recipient (F2). The analysis of the IgM, IgG, and IgA populations
in the recipient mice showed a striking enrichment of the
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FIGURE 3 | TRAF3/BCL2 double-tg mice develop different types of mature B cell neoplasias, but predominantly DLBCL and plasma cell neoplasias.
Immunohistochemical analysis of representative examples of a DLBCL GCB type and a plasma cell neoplasia developed by the TRAF3/BCL2 double-tg mice. Tissue
slides were stained either with H&E or with antibodies specific for human TRAF3 and BCL2 and for mouse CD45B220, BCL6, MUM-1, CD10, IgG and Ki67, as
indicated. Scale bars are 100 um (DLBCL) and 10 um (plasma cell neoplasia). A diagram indicating the frequency of the different lymphoid neoplasias found in the
TRAF3/BCL2 double-tg mice is shown (n = 18).

IgA population in the lymphoid tissues from F1 and F2 mice  mice (Table 2). A similar result was obtained when lymphocytes
(Supplementary Figure 4). The analysis of the rearranged  from mouse #20 were used for allo-transplantation. Mouse #20
VuDJu sequences showed that the major parental expanded  developed a monoclonal IgM neoplasia consistent with DLBCL.
clone (IgA) found in spleen and ascites of the donor mouse  The transfer of splenocytes or ascitic lymphocytes from this
was the only clone detected in the F1 and F2 allotransplanted ~ mouse into recipient SCID/NOD mice resulted in the expansion
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FIGURE 4 | Development of plasmablastic B cell neoplasms by TRAF3/BCL2
double-tg mice. (A) Flow cytometry analysis of a representative TRAF3/BCL2
double-tg mouse showing the expansion of an FSCNS" cp4sB220nu!
lymphoid population with surface syndecan-1 (CD138) and cytosolic IgG
expression. (B) Western blot analysis of lymphoid extracts (spleens and nodes)
of representative examples of TRAF3/BCL2 double-tg (+/+) mice that have
developed plasma cell neoplasms. For comparison, 2 representative examples
of spleen extract from wild-type (/-), TRAF3-tg (+/-), and BCL2-tg (-/+) mice
is also shown. The expression of human TRAF3 and BCL2, and mouse
clAP1/2 and IgG heavy H and light L chains is shown. ERK2 expression is
shown as loading control.

of the parental expanded clone (Table 2) and the development of
a lymphoma that recapitulated the characteristics of the parental
neoplasm (Figures 2F,G). Finally, we also allo-transplanted
lymphocytes of mouse #39, which developed lymphadenopathy
and ascites, consistent with a plasma cell neoplasia caused
by the expansion of an IgA clone (Supplementary Figure 3).
Although in this case the tumor implantation took longer,
the recipient immunodeficient mouse developed the same
neoplasm and clonal IgA expansion than the donor mouse
(Table 2).

TRAF3-tg and TRAF3/BCL2 Double-tg Mice
Have a Large Representation of B Cells
With Rearranged HCDR3 With Similarities

to Those Recognizing PAMPS and DAMPs

We analyzed the HCDR3 sequences obtained from the
TRAF3/BCL2 double-tg mice in an effort to determine the
potential antigens recognized by these clones (39), making
comparisons with HCDR3 sequences obtained from littermates
of the other genotypes (wild-type, TRAF3-tg, and BCL2-tg). Only

HCDR3 sequences with >75% identities to antigen-matched
HCDR3 sequences were considered for these analyses.

As shown in Figure5, TRAF3-tg and TRAF3/BCL2-
double-tg mice have a remarkable percentage of VyDJy
rearrangements producing HCDR3 potentially recognizing
DAMPs (including nuclear antigens, DNA), and PAMPs
(including phosphatidylcholine, lipoteichoic acid and other
bacteria, mite and virus antigens). In contrast, the representation
of HCDR3 sequences recognizing these types of antigens
is much reduced in wild-type and BCL2-tg littermates,
thus underscoring the key role of TRAF3 in promoting
humoral responses against these antigens. Remarkably, a
highly represented group of HCDR3 sequences found in the
TRAF3-tg and TRAF3/BCL2 double-tg mice (12.5 and 9.5%
of the clones, respectively) had high similarities to HCDR3
recognizing anti-nuclear antigens. The presence of clones
expressing autoreactive Ig, such as anti-nuclear antibodies
(ANAs) is also consistent with the involvement of TRAF3 in the
development of autoimmune disorders and confirms previous
results showing the existence of ANAs in the serum of the
TRAF3-tg mice (14). The expanded TRAF3/BCL2 double-tg
clones maintained this trend and have HCDR3 sequences similar
to those recognizing viral antigens, nuclear antigens, DNA
and phosphatidylcholine (Figure 5). Consistent with the role
of some of these antibodies in autoimmunity, TRAF3/BCL2
double-tg mice also develop autoimmune lesions, such as IgG
depositions in glomeruli and tertiary lymphoid organs formation
(Figure 6).

DISCUSSION

In this report, we show that TRAF3 and BCL2 cooperate to
promote development of a variety of mature B cell lymphomas
arising from antigen-challenged B cells. In this process, TRAF3
seems to promote antigen-dependent B cell differentiation
toward ASCs, and BCL2 seems to provide the survival tools
required to facilitate B cell transformation and survival of
the expanded clones. Neither TRAF3 nor BCL2 alone have
the capacity to support B cell transformation to the same
extent that is achieved when both TRAF3 and BCL2 act in
combination. Indeed, BCL2-tg mice have been shown to develop
FL with advanced aging at an approximately 15% incidence
(35), although these mice are otherwise healthy and have a
normal life-span. In contrast, TRAF3-tg mice develop several
pathologies associated to inflammation and autoimmunity,
including inflammation-driven solid tumors, but very rarely
develop lymphoid malignancies (14).

As shown in this report, lymphoid-specific TRAF3/BCL2
double-tg mice develop B cell neoplasms, mostly DLBCL and
plasma cell neoplasia, with high incidence (approximately 80%
of the mice). However, the fact that these B cell malignancies
arise in mice well over 1 year old suggests that TRAF3 and
BCL2 might be necessary but are not sufficient for B cell
transformation, and that additional transforming events are
required. Nevertheless, given the high incidence of B cell
tumors developed by the TRAF3/BCL2 double-tg mice, the
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FIGURE 5 | TRAF3 upregulation increases the incidence of immunoglobulins with HCDR3 sequences potentially reactive to autoantigens and PAMPs. HCDR3
sequences were analyzed by blastp (non-redundant protein sequences from Mus musculus) and those showing >75% identity to described sequences recognizing
DNA, ANAs, other autoantigens, and PAMPs (virus, bacteria, and other pathogens) were selected. Data represents the percentage of HCDR3 sequences similar to

those recognizing the indicated antigens.

overexpression of both transgenes might favor the occurrence of
these additional transforming events. In this regard, upregulation
of ¢-MYC expression has been observed in two TRAF3/BCL2
double-tg mice that have developed high grade B NHL.

It is noteworthy that many of the B cell lymphomas arising in
the TRAF3/BCL2 double-tg mice show a nuclear localization of
TRAF3. Recently, studies showed that TRAF3 can traffic into the
nucleus where it associates with and inhibits the transcriptional
regulator cAMP response element binding protein (CREB) (35).
CREB-binding protein (CREBBP) is a key coactivator of CREB
transcriptional function (40) and this gene is frequently mutated
in FL and DLBCL (41). Remarkably, mice deficient in Crebbp
have reduced B cell numbers affecting different B cell subsets.
However, BCL2 can overcome these deficiencies and collaborate
with Crebbp loss to promote DLBCL development, as shown
in mice where both Crebbp gene inactivation and BCL2 over-
expression in B cells were combined (42). Interestingly, c-
MYC expression is upregulated and seems to play a crucial
role in the B cell transformation process in this mouse model,
thus underlining some similarities to the high-grade B NHLs
developed by some TRAF3/BCL2 double-tg mice.

Our results indicate that both lymphocyte-specific TRAF3-
tg and TRAF3/BCL2 double-tg mice have a large representation
of VyDJy rearrangements producing HCDR3 sequences highly

similar to those recognizing PAMPs and DAMPs, including
DNA, nuclear antigens, and other autoantigens (platelet
glycoproteins, hemoglobin and myosin, among others), bacteria
antigens (including phosphatidylcholine and lipoteichoic acid),
virus, and other parasite antigens. In contrast, wild-type and
BCL2-tg littermates sharing cages with the TRAF3-tg and
TRAF3/BCL2 double-tg and therefore being exposed to the same
antigens have significantly fewer of these HCDR3 sequences, thus
underscoring TRAF3 involvement in this process. These results
are consistent with the participation of TRAF3 in the regulation
of several PRRs involved in the innate immune responses to
PAMPs and DAMPs. Indeed, a role for TRAF3 in controlling
TLR and RLR-mediated interferon (IFN) responses against virus
is well-documented (43, 44) and many examples of viral proteins
have been identified that subvert TRAF3 antiviral function by
targeting it or by out-competing TRAF3 binding to its signaling
partners (45, 46). Furthermore, TRAF3 overexpression in B
cells induced exacerbated TLR-mediated antibody responses
(14). This is consistent with the role of TLRs in humoral
responses against bacteria and other pathogens (47) and with
the involvement of TRAF3-binding partner MyD88 in promoting
robust TLR-mediated B cell humoral responses to virus (48).
However, TLR hyper-responsiveness have been also shown in
Traf3-deficient B cells (18). These seemingly opposite results
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(100 ).

FIGURE 6 | TRAF3/BCL2 double-tg mice develop autoimmune features similar to the TRAF3-tg mice. (A) IgG depositions in glomeruli of TRAF3/BCL2 double-tg
mice in samples showing an otherwise normal kidney architecture [(a), 100 x and (b), 200 x] or showing heavy lymphocyte infiltration [(¢), 100 x and (d), 200 x].
Microphotographs are from 4 representative TRAF3/BCL2 double-tg mice. Staining was performed with anti-mouse IgG-HRP. Scale bars are shown [(a,c), 100 wm;
(b,d), 50 wm] (B). Tertiary lymphoid organs formation in the TRAF3/BCL2 double-tg mice. Two representative examples of tertiary lymphoid organs developed in two
mice are shown. Panel (a) shows a tertiary lymphoid organ in the omentum. Plasma cells are shown by staining with anti-mouse IgG-HRP. Panel (b) shows lymphoid
neogenesis in the liver, with a prominent presence of plasma cells. Staining was performed with anti-mouse IgG-HRP. Magnification was 100 x. Scale bars are shown

might underline different TRAF3 requirements to activate the
immune response in distinct B cell types. Of note is that, as
we previously reported (14), TRAF3 overexpression does not
seems to alter the initiation of the humoral response, since
the IgM response to TI and TD antigens is similar in TRAF3-
tg and wild-type mice. Instead, TRAF3 seems to control later
stages of B cell differentiation, such as class switching and
SHM and/or the duration of antibody responses, as indicated
by the elevated IgG serum levels in the TRAF3-tg mice and the
increased IgG production seen upon antigen challenge. Indeed,
in further support of this idea, TRAF3-tg, and TRAF3/BCL2
double-tg B cells with Vg DJy rearrangements recognizing typical
TI antigens, such as DNA and phosphatidylcholine, have gone
through class switching and SHM (not shown). Furthermore,
most of the DLBCL and plasma cell neoplasms developed by
the TRAF3/BCL-2 double-tg mice are composed by expanded
transformed clones that have also undergone class switching
and SHM. This is true even for half of the expanded clones
expressing IgM, which also show SHM. In contrast, the B cell
neoplasms developed by the B cell-specific Traf3-deficient mice
(28) were consistent with SBL/CLL and MZL, with over 86%
of the expanded cloned having non-mutated VyDJy regions
(applying the 97.5% identity to the germ line criteria that we have
used in our analyses).

Altogether, the present evidence allows speculation about
whether TRAF3 overexpression might drive TI-antigen activated
B cells through an ASC differentiation program that enforces
the production of high-affinity, SHM, class-switched antibodies
(49). In this scenario, TRAF3 might facilitate antigen-challenged

B cells to escape from the B tolerance surveillance mechanisms
resulting in the production of autoreactive Ig clones (49). Indeed,
it has been shown that high-affinity SHM IgG autoantibodies
exacerbate SLE symptoms compared to IgM autoantibodies (50,
51), which is consistent with the presence of IgG depositions in
the renal glomeruli of the TRAF3/BCL2 double-tg mice. Most
interestingly, recent results suggest that B cell intrinsic type 1 IFN
keeps BCR signaling beyond the threshold required for effective
tolerance (52). As a result, type 1 IFN would contribute to the
loss of B cell tolerance and the development of autoreactive B
cells into the GC and extra-follicular pathways. Thus, considering
the key role of TRAF3 in the promotion of efficient type-1 IFN
production in response to pathogen challenges, these results
may underlie the role of TRAF3 in the development of the SLE
(14). Altogether, these results further emphasize the differences
between Traf3-defliciency and TRAF3 overexpression in B cell
pathophysiology and underscore the need of keeping TRAF3
expression tightly regulated to assure normal B cell homeostasis
and humoral responses to antigens.

Finally, while ample evidence exists about the role of
deleterious TRAF3 mutations in the development of human
B cell neoplasia [which presumably is the result, at least
in part, of the activation of NF-kB2-mediated transcriptional
programs (21-28)], little is known about whether TRAF3
upregulation also plays a role in human lymphoid tumorigenesis
(53). While genomic analysis has not revealed TRAF3 gene
amplification in lymphoid malignancies, epigenetic mechanisms
could contribute to elevated TRAF3 expression. Alternatively,
a gain of TRAF3 protein function could instead be caused by
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modifications of either the expression or the activity of any of
the abundant proteins involved in TRAF3 regulation (54, 55).
Besides, as shown in this article, TRAF3 overexpression in B
cells is not sufficient to induced B cell transformation and
requires additional partners to facilitate B cell transformation.
In summary, the results presented herein are consistent
with a scenario in which TRAF3 overexpression or gain-of-
function causes the anomalous selection and differentiation
of PRR-co-stimulated B cell clones that in combination
with BCL2 over-expression predisposes to malignant B cell
transformation.
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Follicular helper T (Trw) cells represent a highly specialized CD4™ T cell subpopulation that
supports the generation of germinal centers (GC) and provides B cells with critical signals
promoting antibody class switching, generation of high affinity antibodies, and memory
formation. Tgy cells are characterized by the expression of the chemokine receptor
CXCR5, the transcription factor Bcl-6, costimulatory molecules ICOS, and PD-1, and
the production of cytokine IL-21. The acquisition of a Tgy phenotype is a complex
and multistep process that involves signals received through engagement of the TCR
along with a multitude of costimulatory molecules and cytokines receptors. Members
of the Tumor necrosis factor Receptor Associated Factors (TRAF) represent one of the
major classes of signaling mediators involved in the differentiation and functions of Try
cells. TRAF molecules are the canonical adaptor molecules that physically interact with
members of the Tumor Necrosis Factor Receptor Superfamily (TNFRSF) and actively
modulate their downstream signaling cascades through their adaptor function and/or
E3 ubiquitin ligase activity. OX-40, GITR, and 4-1BB are the TRAF-dependent TNFRSF
members that have been implicated in the differentiation and functions of Tgy cells. On the
other hand, emerging data demonstrate that TRAF proteins also participate in signaling
from the TCR and CD28, which deliver critical signals leading to the differentiation of Tey
cells. More intriguingly, we recently showed that the cytoplasmic tail of ICOS contains a
conserved TANK-binding kinase 1 (TBK1)-binding motif that is shared with TBK1-binding
TRAF proteins. The presence of this TRAF-mimicking signaling module downstream of
ICOS is required to mediate the maturation step during Try differentiation. In addition,
JAK-STAT pathways emanating from IL-2, IL-6, IL-21, and IL-27 cytokine receptors affect
Tey development, and crosstalk between TRAF-mediated pathways and the JAK-STAT
pathways can contribute to generate integrated signals required to drive and sustain
Try differentiation. In this review, we will introduce the molecular interactions and the
major signaling pathways controlling the differentiation of Tgy cells. In each case, we
will highlight the contributions of TRAF proteins to these signaling pathways. Finally, we
will discuss the role of individual TRAF proteins in the regulation of T cell-dependent
humoral responses.

Keywords: TRAF, follicular helper T cell, antibody response, TCR signaling, costimulation signaling, cytokine
signaling, NF-xB
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INTRODUCTION

Production of high-affinity immunoglobulins (Ig) by B cells
represents an essential component of protective immunity
against pathogens. Antibodies (Abs) function through various
mechanisms including specific binding and neutralization of
pathogens or toxins, activation of the classical complement
pathway, opsonization of pathogens through phagocytosis by
innate immune cells, and induction of antibody-dependent cell
cytotoxicity (1). The initial activation of naive B cell leads to
the production of secreted IgM and cell surface-bound IgD.
After activation, B cells undergo class-switch and acquire the
capacity to produce Abs belonging to the IgA, IgE, or IgG sub-
classes, depending on environmental cues. These Ig subclasses,
which differ in their heavy chains, function through different
mechanisms and provide adaptability in response to the diverse
forms of foreign antigens. Activated B cells can also undergo
somatic hypermutations in the complementarity determining
regions of the antigen-binding fragment (Fab), leading to the
generation and selection of Ab-forming B cells expressing high-
affinity Ig (1). B cells which lose affinity for their target or acquire
autoreactivity during this process are eliminated. These B cell
maturation events occur in specialized zones of the secondary
lymphoid organs, dubbed the germinal centers (GC). GC B cells
can differentiate into long-lived plasma cells, providing long
lasting memory, and protection. The initial activation of a naive
B cell is T cell-independent, but the maturation events that lead
to the generation of high affinity and long lasting protective Ab
responses is critically dependent on help signals delivered by
a specific CD4™ T cell population, known as follicular helper
T (Trh) cells. Try cells are characterized by the expression of
the transcription factor Bcl6, the chemokine receptor CXCRS5,
ICOS and PD-1. They provide B cells with essential maturation
signals, promote GC formation and reactions, and govern
the development of high-affinity Abs (2-4). Expression of the
costimulatory molecule CD40L by Ty cells plays a critical role
in B cell activation and maturation, and the production of IL-21
and other cytokines by GC Ty cells influence B cell proliferation,
survival and isotype switch.

Deficiency of Try cells, such as in humans suffering from
the X-linked lymphoproliferative disease (XLP) or in Bcl6/!
Cd4°" mice, results in disruption of GC responses, impaired
Ab production, and defective memory formation following
immunization or infection (5, 6). In humans, several genetic
mutations that affect Try cell differentiation or function have
been associated with primary immunodeficiencies characterized
by failure to develop protective antibody responses such
as the XLP, hyper-IgM syndrome, and common variable
immunodeficiency (CVID) [reviewed in (7)]. On the other hand,
dysregulated Tgy responses, and uncontrolled GC reactions
can lead to the production of autoantibodies implicated in the
pathogenesis of several autoimmune diseases including systemic
lupus erythematosus (SLE), rheumatoid arthritis (RA), and
multiple sclerosis (MS) [reviewed in (7)]. Dysregulated Try
responses can also contribute to allergic responses (8), favor the
development of B cell malignancies such as follicular lymphomas
(9, 10), and even give rise to several subsets of T cell lymphomas

such as angioimmunoblastic T-cell lymphoma, follicular T cell
lymphoma, and nodal peripheral lymphoma with Ty phenotype
(11, 12). Among the mechanisms that dampen GC reactions
and Ab responses, follicular regulatory T (Tgr) cells represent
a highly specialized subpopulation of Foxp3™ regulatory T cells
(Tregs) that co-express Bcl6 and CXCRS5. Trg cells have the ability
inhibit Try and B cell responses occurring in the GC [reviewed
in (13)]. In Bcls/fl Foxp3Cre mice, Trr deficiency leads to the
development of late onset spontaneous autoimmune diseases
and enhanced susceptibility to Ab-mediated autoimmunity (14).
The involvement of Tgr cells in the pathogenesis of human
autoimmune diseases remains speculative, but alteration of the
Trr:Try ratio is observed in the blood of patients suffering from
several autoimmune diseases [reviewed in (15)].

In light of the key contributions of Ty cells to immune
responses, strategies aimed at promoting Try responses have the
potential to improve protective Ab responses against pathogens
and vaccines efficacy. On the other hand, inhibiting Ty
development or function could be of use for the treatment
of immune-mediated diseases or malignancies where increased
Try and GC activity contribute to the disease development or
severity such as myasthenia gravis, autoimmune thyroid disease,
SLE or RA. Understanding the mechanisms and intracellular
signaling pathways that control Try differentiation and functions
is therefore of paramount importance.

In this review, we will first chronicle the spatiotemporal
cellular interactions during the multistage Try differentiation
process. Then, we will review the molecular interactions and the
intracellular signaling pathways of the T cell receptor (TCR),
costimulatory molecules of the immunoglobulin superfamily
(IgSF), and tumor necrosis factor receptor superfamily
(TNFRSF), and cytokine signaling that play major roles in
the differentiation, maintenance, and functions of Try cells. In
each case, we will discuss the known contribution of the tumor
necrosis factor receptor associated factors (TRAF) in these
signaling pathways. Members of the TRAF family of proteins
(TRAF1-6) have been initially identified for their modulation of
signaling cascades downstream of TNFRSF members through
their adaptor function and/or E3 ubiquitin ligase activity (16).
The TRAF-dependent TNFRSF OX-40 (17, 18), GITR (19), and
4-1BB (20, 21) are implicated in the differentiation and functions
of Try cells. TRAF proteins can also participate in signaling
from the TCR and the costimulatory receptor CD28 (22-28),
which deliver critical signals leading to the differentiation
of Tru cells. Engagement of the CD28-related costimulatory
receptor ICOS is critical for Try differentiation (29-31). ICOS
plays an important role in Ty differentiation by recruiting
phosphatidylinositol 3-kinase (PI3K) (31). Interestingly, ICOS
does not recruit TRAFs directly but its cytoplasmic tail contains
a binding motif for the TRAF family member-associated NF-kB
activator (TANK)-binding kinase 1 (TBK1). This TBK1-binding
motif is also present in TRAF2, 3 and 5, the TRAF proteins
known to bind TBK1 (32). The presence of this motif in ICOS
and the expression of TBK1 are required for the late step of
Tpy differentiation (32). Furthermore, TRAF proteins can
also interfere with the JAK-STAT pathways that are activated
downstream of the IL-2, IL-7, IL-6, IL-21, and IL-27 cytokine
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receptors (33-36) and might therefore affect Try development
by modulating cytokine signaling.

Following discussion of the surface receptors regulating
Try development, we will summarize the TRAF-dependent
canonical and non-canonical NF-kB pathways that lead to the
differentiation and functions of T-dependent Ab responses.
Finally, we will focus on the role of individual TRAF proteins
in the regulation of T cell-dependent humoral responses, and
discuss their potential contributions at the mechanistic level
based on their involvement in the multiple signaling pathways
that affect humoral responses.

Cellular Interactions in Tgy Differentiation
Differentiation of Ty cells is a complex multistep process.
It involves sequential interactions between CD4" T cells and
professional antigen-presenting cells (APC), namely, dendritic
cells (DCs), and B cells. Using traceable immunization and
pathogen infection models, the Try differentiation process can
be divided into three spatiotemporal phases: (1) Initiation of
Try differentiation by DC priming of naive CD4™ T cells in
the T cell zone of the secondary lymphoid organs; (2) Tru
maturation induced by interactions with cognate B cells at the
T-B border; and (3) the functional/maintenance phase, within
the GC [reviewed in (37, 38)]. The antigen-specific interactions
between developing Tgy and B cells provide a bidirectional
communication that is critical for the maturation of both
adaptive immune cells.

During the first few days (days 1-3) following immunization
or viral infection, DCs, which are activated at the inflammatory
site, enter secondary lymphoid organs and present the engulfed
foreign peptides to naive T cells at the interfollicular and
paracortical T cell zones (39). Naive T cells recognizing the
peptide-MHC complex are activated and primed, leading to the
induction of the transcription factor Bcl6 (40, 41). Bcl6, the
master regulator of Ty cells, is a transcriptional repressor that
antagonizes the expression of other lineage-specific transcription
factors (42) and microRNAs (43). Bcl6 represses CCR7, the
chemokine receptor for the chemokine CCL19 and CCL21
predominantly expressed in the T cell zone, and indirectly
promotes the expression of the chemokine receptor CXCR5, the
receptor for CXCL13 produced within the B cell zones. As a result
of this shift in surface chemokine receptors, these Bcl6™ CXCR5™
pre-Try cells are no longer retained in the T cell zones, but are
attracted along the CXCL13 chemokine gradient toward the T-
B border (44). Several costimulatory molecules, such as ICOS,
0X40, and CD40L, are also upregulated at the priming stage,
regulating the migration, differentiation, and commitment to the
Try cell fate.

During the following few days (day 4-6), the second step of
Try differentiation begins at the T-B border, where pre-Try cells
seek out and interact with cognate B cells. Successful interactions
with B cells provide pre-Try cells with critical signals that ensure
the continuation of Tgy differentiation programming. During
this stage, the expression of Bcl6 and CXCR5 continues to rise,
promoting the migration of Try cells deeper into the B cell
follicles, and acquisition of the capacity to help B cells (45).
In turn, B cells receive reciprocal signals from differentiating

Ty cells, promoting their maturation and entry into the B cell
follicles. Only stable T-B conjugates further migrate into the
GC (46).

The third phase (day 7 and beyond following immunization
or infection) occurs within the GC. Fully differentiated Try
cells localized in the B cell follicles, dubbed GC Tgy cells, are
characterized by the highest expression of CXCR5 and Bcl6
as well as high expression of PD-1 (44). Through their high
expression of CD40L and production of the cytokines IL-4 and
IL-21, GC Tgy cells control GC B cell proliferation and survival,
and drive affinity maturation and the generation of memory B
cells. GC Ty can express IL-21 or IL-4 alone or in combination.
IL-21-producing Try cells are efficient in promoting somatic
hypermutation, whereas IL-4-producing GC Ty have higher
CDA40L expression and are able to induce isotype switching and
plasma cell differentiation (47). GC Ty cells require continuous
antigenic stimulation for their maintenance. In the presence of
further antigenic stimulation, long-lived memory Try cells can
persist and rapidly recall the Tgy program upon reactivation (48).

The aforementioned cellular interactions between T cells
and APCs influence Tpy differentiation through a variety of
signals delivered through engagement of the TCR, costimulatory
molecules, and cytokine receptors. We will first discuss the
molecules at play, and then review the implication of TRAF
proteins in their signaling pathways.

MOLECULAR INTERACTIONS IN Tgy
DIFFERENTIATION AND FUNCTIONS

Upon sequential interactions with DCs and B cells, the
Tpp differentiation program is initiated and maintained
through integration of multiple signals received from the
TCR, costimulatory and coinhibitory receptors, and cytokine
receptors. In this part, we will review the role of these signals
in Tgy differentiation and the contribution of TRAFs in the
signaling pathways that they trigger (summarized in Figure 1).

TCR Signaling
Engagement of the TCR is the initial and central event that
triggers naive T cell activation and differentiation. Together
with other factors, including engagement of costimulatory or
inhibitory receptors and cytokine signaling, the strength and
duration of TCR signals impact the outcome of T cell activation
and differentiation.

Using TCR-transgenic T cells with varying binding affinities to
a pigeon cytochrome C peptide, it was revealed that T cells with a
high-affinity TCR preferentially develop into CXCR5™ Tpy (49).
Concomitantly, a knock-in mouse strain expressing a mutated,
non-signaling CD3¢ chain showed a selective defect in the
generation of Ty cells (50). However, a high-affinity TCR does
not appear to be an absolute prerequisite for Ty differentiation
as Ty cells can also be generated after priming with intermediate
and low affinity antigens (51). In the latter cases, B cells appear
to play a key role in driving the differentiation of Try cells with
low TCR affinity (51). Additionally, experiments with different
doses of antigen reveal that, for a given TCR affinity, increasing
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FIGURE 1 | Role of TRAFs in TCR-, costimulatory receptor-, and cytokine receptor-associated signaling pathways controlling Tgy differentiation. Tr differentiation
depends on a variety of signals received through the TCR, costimulatory receptors of the Ig superfamily (yellow boxes), costimulatory proteins of the TNF receptor
superfamily (orange boxes), and cytokine receptors (blue boxes). TRAF1, —2, —3, and —6 regulate TCR signals but TRAF3 activation depends on additional CD28
signaling. TRAF2 contributes to activation of the canonical NF-kB pathway that is critical for Tpy differentiation. CD28 and ICOS plays a key role in Tgy differentiation
and can both activate PI3K. PI3K activation by ICOS is critical for Try differentiation as compared to CD28-induced PI3K signals. Recently, we revealed that the
TANK-binding kinase TBK1 functions downstream of ICOS to promote Tgy differentiation. TRAFs are not recruited to ICOS but the presence of a TRAF-like motif in
the intracellular tail of ICOS bypasses the need for TRAFs to recruit TBK1. The TNFR family members OX40, GITR, and 4-1BB signal through TRAFs and also
contribute to Tpy differentiation. TRAF2 is involved in recruitment and activation of PI3K by OX40. TRAF2 and—5 promote NF-kB pathway activation downstream
OX40 and GITR while TRAF1 and—2 associate with 4-1BB to promote this pathway. TRAF3 plays a regulatory role in OX40 signaling. Signals through type 1 IFN, IL-6,
and IL-21 receptors converge through STAT1 activation, positively regulating Tey differentiation. Signaling through IL-6, IL-21, and IL-27 receptors activates STAT3 to
promote Ty differentiation. TRAF2 and—5 can both inhibit IL-6 mediated activation of STAT3. STAT5, a negative regulator of Ty differentiation, can be activated by

signals through the IL-2 and IL-7 receptors. TRAF3 and—6 both negatively regulate IL-2R-induced signaling. Finally, TRAF6 is involved in the suppression of IL-2
production in the presence of TGF-B and, thus, could indirectly promote early Try differentiation by limiting signals received through the IL-2R.

the amount of antigen available (45, 52) or a second peptide
immunization that prolong antigen presentation (53) favors Try
differentiation. In contrast, another group demonstrated that the
differentiation of Ty cells is reduced upon immunization with
high doses of strong agonist peptide, as compared to lower doses
(54). Differences in the inflammatory environment generated
by the different antigen delivery systems might therefore
influence the strength of TCR signals in favoring or antagonizing
Try differentiation. Taken together, our current understanding
is that strong and sustained TCR-DC interactions promote
Try differentiation. Indeed, intravital imaging analysis reveals
that sustained T-DC interactions promote Tpy differentiation
(52, 55).

TRAF1, 2, 3, or 6 can positively or negatively modulate
signaling downstream of the TCR-CD3 complex (Figure 1). For
example, Trafl~/~ CD8" T cells exhibit increased levels of
active p52 after anti-CD3 stimulation, indicating that TRAF1
restrains the activation of the non-canonical NF-kB pathway in

the absence of costimulation (23). As a result, Trafl =/ T cells
hyperproliferate in response to stimulation with anti-CD3 Ab
(22, 23). In contrast, TmfZ_/ ~ CD4" T cells show reduced
proliferation and activation after in vitro anti-CD3 stimulation
(24). TRAF2 plays a positive role in the regulation of NF-kB
signaling as Traf2~/~Tnf~/= T cells display a constitutively
active non-canonical NF-kB pathway (56). In the absence of
TRAF3, T cells exhibit reduced proliferation and cytokine
production following costimulation with anti-CD3/CD28 Abs,
reflecting an impaired activation of TCR signaling molecules
Zap70, LAT, Erk, and PLCy1 (25). Furthermore, TRAF3 has been
shown to sequester the membrane localization of the kinase Csk
and the phosphatase PTPN22, two known inhibitors of the TCR
signaling, thereby reducing the threshold of T cell activation (26).
On the other hand, Traf6~/~ T cells hyperproliferate in vitro
in response to stimulation with anti-CD3 Ab alone, bypassing
the requirement for costimulation. Interestingly, the NF-kB
pathway is independent of TRAF6. Instead, Traf6—/~ T cells
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exhibit constitutive activation of phosphatidyl-inositol 3-kinase
(PI3K), demonstrating that TRAF6 negatively regulates PI3K
signaling following TCR engagement (27). In addition, TRAF6
can also be recruited to the T cell immunological synapse through
the adaptor molecule LAT, promoting its ubiquitination and
phosphorylation and positively regulating the activation of the
calcium-sensing transcription factor, nuclear factor of activated
T cells (NFAT) (28). Hence, it is becoming increasingly apparent
that TRAF]I, 2, 3, and 6 can influence the quality and intensity of
TCR signaling through various mechanisms. However, it remains
to be determined whether this TRAF-dependent modulation
of TCR signaling is necessary and/or sufficient to significantly
impact the differentiation of Tpy cells.

Costimulatory Signaling

CD28 Signaling

Activated DCs present pathogen-derived peptide antigens
associated with MHC class II molecules and upregulate the
costimulatory ligands CD80 and 86, which interact with the
costimulatory receptor CD28 on T cells. Interestingly, there
is a selective preference for CD86 over CD80 to induce the
formation of Ty cells (57, 58). This reflects the fact that CD86
is a higher affinity ligand of CD28 (59). As a result, the CD86-
CD28 interaction is less likely to be attenuated by the competing
CD86-CTLA-4 interaction, and, therefore, could deliver a more
sustained stimulatory signal than CD80.

Signals elicited through CD28 are essential for the activation
of naive T cells and their development into all effector T cell
subsets. The differentiation of Try cells is no exception to this
rule. The importance of CD28 for T-dependent Ab responses
has been demonstrated using two different genetic models. First,
Cd28~/~ mice are deficient in GC formation and exhibit a delay
in serum IgG titers following immunization with the hapten
nitrophenol (NP) conjugated to chicken y-globulin (NP-CGG)
(60). Lack of CD28 costimulation in Cd28~/~ T cells intrinsically
inhibits the upregulation of the Tgy master transcription
factor Bcl-6 and, thus, all subsequent Try differentiation steps
are abrogated (61). Second, using a transgenic mouse strain
ectopically expressing the soluble CD28 competitor, CTLA4-
IgG fusion protein that blocks the interaction between CD28
and CD80/86, the T cell-dependent GC responses and antigen-
specific Ty cells are dramatically attenuated (62, 63). However,
this defect can be compensated by the coinjection of the NP-CGG
antigen and an agonistic anti-CD28 Ab (63), because the latter
bypasses the inhibitory effect of CTLA4-Ig. On the contrary, GC
reactions in CTLA4-Ig mice are not restored when the agonistic
anti-CD28 Ab is administered 10 days after immunization (64).
Similarly, blocking CD28 by injection of CTLA4-Ig in wt mice
6-7 days post-immunization does not negatively impact Ty
differentiation (61). Altogether, these results suggest that CD28
plays a key role during early T cell priming but not during
the later phase of Ty maturation or maintenance in the GC.
Consistent with this notion, the absence of CD80 specifically on
DCs abolishes Try differentiation whereas the absence of CD80
expression on B cells does not (65).

The signaling events that mediate CD28 function have been
extensively studied, and signaling molecules that bind to specific

motifs within the cytoplasmic tail of CD28 have been identified.
The proximal tyrosine motif (YMNM) binds and activates the
p85a subunit of PI3K as well as other adaptor proteins, including
Grb2 and GADS. The distal proline-rich motif (PYAP) binds
and activates Src family kinases and, indirectly, protein kinase
C-6 (PKCH) (66, 67). Using knock-in mouse strains expressing
CD28 with mutations in either the proximal tyrosine motif
or the distal proline-rich motif, it was demonstrated that the
formation of GC and isotype switching are dependent on the
PYAP motif, whereas the PI3K-binding YMNM sequence is
dispensable (68). These results imply that CD28-mediated Lck
and PKC0 signaling are critical for Try differentiation. However,
PI3K signaling mediated by CD28 is less important than PI3K
signaling emanating from ICOS (see below).

ICOS Signaling

In humans, ICOS deficiency results in severe impairment of
germinal center formation and inability to mount antibody
responses against infection or vaccination (69, 70). Since its initial
characterization (71), it has been established that ICOS is a major
driver of T-dependent Ab responses and GC reactions. Icos™/~
mice have defective GCs, impaired humoral response to antigens,
and lack immunological memory (72-74). Similarly, ICOS ligand
(ICOSL) deficiency or blockade of ICOS-ICOSL interaction using
an anti-ICOSL Ab strongly reduces Ty development (29, 30).
However, the temporal requirement for ICOS signals during the
complex Tgy differentiation process appears to vary depending
on the experimental model. In an acute infection model, ICOS
is required for the early CXCR5"Bcl6™ Tgy differentiation of
antigen-specific T cells as early as 3 days following infection with
lymphocytic choriomeningitis virus (LCMV) (32, 75). Consistent
with ICOS signaling during the early DC-T cell engagement
favoring Tpy differentiation through Bcl6 induction, ICOSL
expression on CD8a~ DCs favors the initiation of CXCR5 ' Bcl6™
Try differentiation (76). In stark contrast, the early expression of
Bcl6 by ovalbumin-specific OT-II CD4" T cells is not affected by
ICOS deficiency 3 days following NP-OVA immunization (61).
Similarly, Icos™/~ mice show intact Ty differentiation for as
long as 6 days following infection with the non-lethal strain of
malaria, Plasmodium chabaudi (77), indicating that early Try
differentiation can occur in an ICOS-independent manner in
some models.

In addition to the priming stage, the ICOS-ICOSL interaction
between Try and B cells is also required for the maturation of
developing Try cells. Administration of an anti-ICOSL blocking
Ab drastically curtails the Try cell population in various infection
models (61, 75, 77). Similarly, the expression of ICOSL by B cells
is required for the generation of TFH cells (78). Additionally,
ICOS is required for close contacts between T and B cells in the
GC, promoting the expression of CD40L at the T cell surface and
delivery of contact-dependent help to B cells (79).

ICOS-mediated activation of PI3K

PI3K signaling has been implicated as an important mediator
downstream of several T cell molecules (TCR, CD28, CTLA-
4, and ICOS). PI3K is a heterodimer consisting of a p110
catalytic subunit (of either the a, B, y, or § isoform) and a
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regulatory subunit, which can be p85a, p55a, p50a, p858, or
p55Y. The relevance of the ICOS-mediated PI3K signaling in the
differentiation of Ty cells has been elegantly demonstrated using
a knock-in mouse strain expressing an ICOS mutant incapable
of binding PI3K (ICOS-YF). Similar to Icos™/~ mice, ICOS-YF
knock-in mice fail to generate Try cells and GC reactions (31).
The phenotype of ICOS-YF mice is in stark contrast to the CD28-
YF mice, which are capable of mounting T cell-dependent Ab
responses (68). This is consistent with the fact that ICOS delivers
a more potent PI3K signaling than CD28 in T cells (80).
Although the PI3K-binding motifs of CD28 and ICOS differ
by a single amino acid, i.e, YMNM in CD28 and YMFM in
ICOS, the resulting difference in hydrophobicity property of
these motifs confers a significant alteration in T cell signaling
(81). ICOS triggering not only promotes the physical interaction
between ICOS and the PI3K regulatory subunits p85a and p50a
in activated T cells, but also promotes their recruitment to CD28
“in trans,” in the absence of CD28 ligation (80). Because p50a
is the most potent isoform in regulating the kinase activity of
PI3K (82, 83), ICOS ligation induces a higher PI3K activity
as compared with CD28 ligation and delivers a more potent
costimulatory signal favorable for the differentiation of Tgy cells.
To understand the role of PI3K in the generation of humoral
responses, several complementary approaches have been used.
First, Ab responses, including isotype switching, GC formation,
and GC B cells, are severely impaired in p1105~/~ mice following
hapten-induced T-dependent and T-independent challenges (84).
Second, using a mouse strain expressing a catalytically inactive
form of p1108 (p1108P°194) but intact (active) p110a, and p110p
isoforms, the abrogation of p1103 lipid kinase activity alone was
sufficient to result in a near complete absence of GC and a
profound reduction of serum IgG titers following immunization
with T-dependent or T-independent antigens (85). However,
these initial observations are confounded by the combined
functional defects in T and B cell compartments. Third, a T cell-
specific deletion of the p1103 catalytic subunit in p1108%1/f Cd4Cre
mice results in a nearly absence of CXCR5TPD-1" GC Tpy cells,
and a significant reduction of GC B cells, GC reactions, and Ab
affinity maturation following immunization with NP conjugated
to keyhole limpet hemocyanin (KLH) (86). These findings reveal
the non-redundant and T cell-intrinsic role of p1108 in Try
cell development. Fourth, p1108"/1 0x40°" mice show similar
defects in humoral responses following immunization (86). Since
0X40 is expressed following TCR- and CD28-mediated T cell
activation, ablation of p1108 at this later time point indicates
that this catalytic subunit is crucial for T-dependent Ab responses
after the initial activation of naive T cells (86). Fifth, the
magnitude and output from GC reactions are unperturbed in
immunized p1108%/1 Cd19°" mice (86), implying that p1103 is
dispensable in B cells, and/or that other PI3K catalytic subunits
may contribute in a redundant manner to the GC reactions. Sixth,
combined deletion of genes that encode four PI3K regulatory
isoforms normally expressed in T cells (p85a, p55a, p50a, p85P)
results in a drastic deficiency in T cell help to B cells in vivo.
These mice display a significant reduction in GC numbers and
size, as well as the production of class-switched Abs following
immunization (87). Taken together, these data indicate that the

ICOS-mediated PI3K pathway is crucial for T-dependent Ab
responses.

Importance of PI3K-independent ICOS signaling

The PI3K-binding YMFM motif is a crucial feature of ICOS
signaling in mediating the differentiation and functions of Try
cells. However, the knock-in ICOS-YF mouse strain, in which
the association between ICOS and PI3K is selectively lost, is
not a true phenocopy of Icos™/~ mice (31). For example, in
a model of respiratory infection with Chlamydia muridarum,
ICOS-YF mice develop a much milder disease as compared
to Icos™/~ mice, albeit they are still not fully protected (88).
Th17 responses negatively correlate with disease severity and
are strongly reduced in Icos™/~ mice but partially retained in
ICOS-YF mice. Similarly, the severity of graft-vs.-host disease
in ICOS-YF mice is intermediate between wild-type (wt) and
Icos™/~ mice, in a model of MHC-mismatched bone marrow
transplantation (89). Interestingly, in this model, CD8" T cells
from ICOS-YF mice induce a disease indistinguishable from
that induced by wt CD8" T cells, whereas ICOS-YF and
Icos™/= CD4" T cells behave similarly. In vitro, ligation of
ICOS induces T cell activation, calcium flux and proliferation
of CD8* T cells in a PI3K-independent manner (89). Similarly,
the PI3K-independent role of ICOS in activating calcium flux
was demonstrated in CD4% T cells (31). Altogether, these data
strongly evince the presence of important PI3K-independent
pathway(s) downstream of ICOS.

TRAF-mimicking ICOS signaling

The aforementioned studies also pose a conundrum because
other than its PI3K-binding motif, the cytoplasmic tail of
ICOS lacks canonical motifs for protein-protein interactions.
To resolve this issue, we looked for potential evolutionarily
conserved sequence(s) in the cytoplasmic tail of ICOS (32).
Remarkably, in addition to the YMFM motif, we found two
additional highly conserved motifs in the intracellular domain
of ICOS. They are the IProx motif (SSSVHDPNGE) and a
more distal motif (AVNTAKK). Using an unbiased proteomics
approach, TANK-binding kinase 1 (TBK1), a non-canonical
member of the inhibitor of transcription factor NF-kB kinase
(IKK) family, was unexpectedly found to interact with the serine-
rich IProx motif. Mutation of this specific motif abrogated TBK1
binding to ICOS, but did not affect ICOS ability to recruit
PI3K (32).

Similar to the mutation of the PI3K-binding motif (ICOS-
YF), Icos™/~ CD4™1 T cells reconstituted with a mutated IProx
motif (mIProx) displayed impaired CXCR5"PD-1" GC Ty
differentiation, GC formation, and IgG responses. Moreover,
TBK1 knockdown in T cells resulted in defective humoral
responses in response to acute LCMV infection (32). Although
Icos™/= CD4T T cells reconstituted with an ICOS-YF mutant
fail to generate nascent CXCR5" Bcl6™ Tgy cells, this initial
step of Tpy development was not compromised in T cells
expressing mIProx (32). Consistently, TBK1 was also dispensable
for the development of nascent Tpy cells, indicating that
signals mediated by TBK1 binding to the ICOS IProx motif
license’ nascent Try cells to enter the GC phase of Tpy cell
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development. In agreement with our findings, it has recently
been demonstrated that therapeutic inhibition of TBK1 reduced
the number of GC Try and their expression of Bcl6, caused
a reduction in GC size, diminished the anti-collagen Ab levels
and alleviated the progression of established collagen induced
arthritis (90).

In contrast to the interaction between ICOS and PI3K, which
can be induced by anti-CD3 or anti-ICOS stimulation alone,
TBK1 coimmunoprecipitates with ICOS only when T cells are
stimulated with a combination of anti-CD3 plus anti-ICOS Abs
(32). These combined stimuli are physiologically provided by the
strong cognate interaction that occurs in vivo between T cells
and APCs. Hence, the requirement for activation of ICOS-TBK1
signaling is more stringent than that for the ICOS-PI3K pathway.

We further found that despite the known ability of TRAF2,
3, and 5 to physically interact with TBK1 (91-93), these
TRAFs proteins were not corecruited with TBK1 to ICOS upon
stimulation (32). Unexpectedly, the serine-rich IProx motif in
ICOS turned out to be highly homologous with a region of
TRAF2 and TRAF3 known as the “serine tongs,” which consists of
the sequence SSSxxxPxGD/E (where’S’ is serine, “x” is any amino
acid, “P” is proline, “G” is glycine and “D/E” indicates aspartic
acid or glutamic acid). Substitution of this region in TRAF2 and
TRAF3 with a string of alanines abolished their ability to bind
TBK1. Thus, this sequence, which is also present in a similar
form in the cytoplasmic region of ICOS, represents a previously
unknown consensus TBK1-binding motif. The presence of this
motif in ICOS therefore allows it to directly recruit TBKI,
obviating the need for TRAF proteins as intermediary partners
for TBK1 activation (Figure 1).

ICOS-dependent calcium signaling

The ability of ICOS to potentiate TCR-induced calcium flux
is conserved in Icos™/~ CD4% T cells expressing an ICOS
mutant where most of the cytoplasmic tail is truncated, including
the PI3K and TBKI1 binding motifs (94), demonstrating that
the ICOS-triggering calcium flux is independent of PI3K and
TBKI. Interestingly, a short membrane anchoring sequence
consisting of the sequence KKKY (where “K” is lysine and “Y”
is tryptophan) is present in this mutant. Mutation of the KKKY
motif in full-length ICOS dampens the calcium response in T
cells, showing that this motif is both necessary and sufficient
for calcium flux (94). This motif in ICOS is likely to positively
regulate Try responses since ICOS engagement and calcium flux
promote CD40L surface expression (79), a critical requirement
for Try to provide B cells with contact dependent help signals.

0X40 Signaling

CD28 costimulation induces the expression of OX40, a TNFRSF
member, on T cells (63). OX40 stimulation is involved in
upregulation of Cxcr5 mRNAs (95), and higher expression of
0X40 has been reported on Try cells (49). However, the degree
to which OX40 influences the development of Try cells and
Ab responses is highly context-dependent. Ox40~/~ mice are
able to mount effective humoral responses against acute LCMV,
vesicular stomatitis virus (VSV), and influenza A virus infections,
suggesting a non-essential role for OX40 in Try development

(96). Similarly, the absence of 0X40 does not affect the expression
of CXCR5 on antigen-specific CD4™ T cells and the development
of IgG1 responses after infection with the rodent roundworm
Heligmosomoides polygyrus (97). In stark contrast, OX40 is
required to mount an efficient Tgy and humoral response
against chronic infection with the Clone 13 strain of LCMV.
Ox40~/~ mice are not able to control viral replication (17). In
a Vaccinia virus infection model, Ox40~/~ mice also exhibit
a dramatically reduced Try differentiation and Ab response.
Blocking experiments using an anti-OX40L Ab showed that the
0X40-OX40L interaction is required for both Try generation
and maintenance in this model (18). Variations in the expression
of OX40 by CXCR5" CD4 T cells in different mouse strains might
account for the differential impact of OX40L Ab treatment on
Try generation and GC responses (29).

OX40 signaling can induce the expression of multiple Ty
molecules, including CXCR5 and IL-21, by human T cells, and
likely contributes to the pathogenic role of Tgy cells in SLE (98).
Mechanistically, TRAF2, 3, and 5 are recruited to the cytoplasmic
tail of OX40 [Figure 1; (99, 100)]. However, TRAF2 plays a more
important role in OX40 signaling by promoting the recruitment
of PI3K, AKT, PKCH, and IKKa, B, and vy, which trigger the
mTOR and the canonical NF-kB pathways (99-101).

GITR Signaling

GITR expression is induced late during the maturation phase
of GC Tgy cells (102). The number of Tgy cells is not affected
in Gitr~/~ mice during the first week of chronic infection
with LCMV Clone 13. This is consistent with findings that the
initial production of LCMV-specific IgG is not affected. However,
Ab titers do not increase in Gitr~/~ mice beyond the first
week of infection. This defect is associated with an increase
in the proportion of splenic Foxp3™ CXCR5TPD-1" Tgp cells,
and a reduction in Foxp3~™ CXCR5"PD-1" Tgy cell numbers,
suggesting that GITR plays a role in regulating the ratio between
Trr and Tpy cells. This GITR-mediated function is T-cell
intrinsic because in mixed bone marrow chimera experiments,
the Ty cell population is diminished in Gitr—/~— CD4* T
cells, as compared to the wt CD4" Tgy cells following chronic
LCMYV infection (102). Consistent with a role for GITR signals in
promoting humoral responses, administration of a recombinant
GITR ligand protein enhanced the frequency of CXCR5TICOS™
Try cells and the expression of Bcl6 and IL-21 in a model
of collagen-induced arthritis (19). Conversely, blocking GITR
signals using a GITR-Fc fusion protein reduced the frequency of
Tra cells, IgG production, and disease severity (19).

As a member of the TNFRSE several TRAF molecules
interact with the cytoplasmic tail of GITR. In CD8" T cells,
TRAF2 and 5 are involved in activation of the canonical NF-
kB pathway triggered by GITR stimulation [Figure 1; (103)].
Additionally, the GITR-TRAF5 axis is known to activate the
MAP kinase signaling pathways because Traf5~/~ CD4™ T cells
are defective in the activation of p38 and ERK kinases (104).
On the other hand, TRAF3 has been demonstrated to inhibit
the activation of the non-canonical NF-kB pathway triggered by
GITR engagement (105). However, it is unclear which of these
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TRAF molecule(s) in the GITR signaling pathway plays a more
prominent role in the maintenance of Tgy cells.

CD40L Signaling

CD40L is rapidly upregulated upon TCR and costimulatory
receptor ligation, and/or cytokine signaling (106). CD40L
expressed on T cells is the ligand for the TNFRSF member
CD40 expressed on B cells. CD40-CD40L signaling is essential
for the development of T cell-dependent humoral responses.
Cd40~/~ or Cd40l~/~ mice are severely defective in their ability
to generate GC or develop IgG responses (107, 108). Similarly,
individuals deficient for CD40 or CD40L suffer from hyper-
IgM syndrome characterized by elevated IgM level, disrupted
GC formation and reduced IgG, IgA and IgE levels (7). The
requirement for CD40L signals received by T cells appears to
be dispensable for early Try differentiation during the DC
priming phase (75), consistent with the fact that CD40L is highly
expressed after the priming phase. Similarly, CD40 expression
by DC is dispensable for an efficient Try and IgG response,
whereas CD40 expression on B cells is absolutely required for the
generation of GC and Try development (65). Interestingly, the
intrinsic role of CD40L signaling in T cells does not appear to
be critical for Tpy differentiation as wt and Cd40l~/~ antigen-
specific T cells expand and differentiate into Tgy cells to a
comparable extent in a cotransfer experiment (65).

Very little is known about CD40L signaling in T cells.
However, engagement of B cell-expressed CD40 by CD40L
directly or indirectly recruits TRAF1, —2, —3, —5, and —6
to its cytoplasmic domain [reviewed in (109)]. The persistent
TRAF-dependent CD40 signaling in B cells, delivered by CD40L
expressed by T cells is considered to be one of the most
potent signals in mediating different aspects of B cell biology,
including differentiation, survival, proliferation, expression of
costimulatory molecules, and cytokines, maturation of GC B
cells, isotype switching, somatic hypermutation, and formation
of long-lived plasma cells and memory B cells.

4-1BB Signaling

4-1BB (CD137 or TNFRSF9) is highly expressed on human Try
cells (110). However, 4-1bb—/~ mice show no impairment of
IgG production following VSV infection (111). Similarly, the
absence of 4-1BB ligand in 4-1bbl~/~ mice does not affect the
T cell-dependent Ab responses (112). These data imply that 4-
1BB and its ligand might be dispensable for the generation of
T cell-dependent humoral responses in rodents. However, in
vivo treatment with an agonistic anti-4-1BB Ab inhibits T cell-
dependent Ab responses in various mouse models (20, 21, 113).
In vivo administration of an agonistic anti-4-1BB Ab at the time
of priming strongly reduces the development of Ab responses to
T cell-dependent antigens (20). Additionally, treatment with an
agonistic anti-4-1BB Ab suppresses the ongoing CD4" T cell-
dependent autoantibody production in the NZB x NZW mouse
model of SLE (21). Therefore, excessive 4-1BB signals during
both the initiation of Ab responses and their maintenance could
negatively modulate Ty differentiation and/or functions. The
exact mechanisms by which these agonistic Abs influence T cell-
dependent humoral responses warrants careful interpretation

because the expression of 4-1BB is not restricted to T cells.
For instance, one study suggested that anti-4-1BB Ab treatment
blocks GC formation by downregulating the follicular dendritic
cell (FDC) network (114), a specialized subset of follicle-residing
cells that support the GC reaction.

Cytoplasmic TRAF1 and TRAF2 are recruited to 4-1BB
upon stimulation [Figure 1; (100, 115)]. TRAF1 is required for
the activation of the classical NF-kB pathway following 4-1BB
engagement (23). Following stimulation with an agonistic anti-
4-1BB Ab, 4-1BB is internalized to an endosomal compartment.
TRAF2, and its K63 polyubiquitination activity, colocalizes
with 4-1BB in endosomes. The TRAF2-associated E3 ubiquitin
ligase activity and K63 polyubiquitination are required for the
4-1BB-mediated activation of the classical NF-kB pathway (116).
Additionally, TRAF2 mediates the p38 MAP kinase pathway
downstream of 4-1BB as T cells expressing a dominant negative
form of TRAF?2 lose the ability to signal via the p38 cascade (117).

Coinhibitory Signaling

CTLA-4 Signaling

The inhibitory receptor CTLA-4 is constitutively expressed
on Tregs and highly expressed on Tpr cells (118). CTLA-4
plays a key role in the suppressive functions of Tregs (119)
and Ctla4~/~ mice develop systemic immune dysregulation,
including increased Try and GC B cell responses (58). Short-
term blockade with anti-CTLA-4 Ab or Treg-specific deletion
of CTLA-4 increases Try and GC B cell responses in vivo (58,
120, 121) and reduces the ability of Trr cells to inhibit B cell
activation in vitro upon coculture with Tpy cells (120). CTLA-
4 expressed by Tregs/Trr cells therefore has a major influence
on Tgy responses. Similar to the findings in mice, heterozygous,
deleterious mutations in the human CTLA4 gene manifest an
immune dysregulation disorder, characterized by lymphocytic
infiltration of multiple non-lymphoid organs. These individuals
exhibit increased frequency of circulating CXCR5FPD1¥ Tgy
cells, which is normalized in response to treatment with CTLA4-
Ig therapy (122).

CTLA-4 is also expressed by Try cells, although at a lower
level than in Tgr cells (120). The cell-intrinsic role of CTLA-
4 in Tpy differentiation and functions is far less defined than
its cell-extrinsic role through Tregs and Tpr cells. One study
reported that late deletion of CTLA-4 from in vivo differentiated
Tra cells using an inducible Cre/lox system increased their
ability to induce isotype class switching and IgG production
upon coculture with B cells (120). Tgy-expressed CTLA-4 might
therefore function to limit the B cell-stimulating activity of
Try cells in a cell-intrinsic manner. Its contribution to Tgy
differentiation during interactions between nascent Tgy cells and
B cells is currently unknown.

CTLA-4 delivers its negative signaling via multiple
mechanisms. At the cell surface, CTLA-4 competes with
CD28 for access to the CD80/86 ligands. Through a process
called trogocytosis, CTLA-4 removes CD80/86 ligands from
the surface of APCs, further limiting the availability of
these ligands for CD28 (123). Intracellularly, the tyrosine-
phosphorylated cytoplasmic domain of CTLA-4 can interact with
the phosphatases SHP-2 and PP2A (124, 125). Altogether, these
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CTLA-4-mediated cell-extrinsic and cell-intrinsic mechanisms
dampen signaling downstream of the TCR and CD28. As such,
it is conceivable that TRAF molecules, which can modulate
TCR and CD28 signaling (see above), may potentially influence
the CTLA-4-mediated regulatory pathway to modulate T cell
signaling during an immune response. On the other hand, in
Foxp3™ Tregs, CTLA-4 recruits the kinase PKCn to potentiate its
suppressive functions in vitro and in vivo (126, 127). The CTLA-
4-PKCn complex promotes the activation of the canonical NF-kB
pathway in Tregs, representing a unique positive signaling event
(126). It remains, however, to be determined whether and how
the CTLA-4-PKCn axis regulates the activity of the Trgr subset.
Although two other members of the novel PKC family, PKC3 and
PKCe, have been shown to promote TRAF2 phosphorylation,
IKK, and NF-kB activation in response to TNFa (128), it is
unknown whether TRAFs are involved in the CTLA4-PKCn
signal transduction pathway.

PD-1 Signaling

GC Tpu cells express high levels of PD-1, consistent with this
immunomodulatory protein being upregulated following chronic
TCR stimulation, such as in the case of persistent interaction
between T and B cells, which occurs during Try differentiation.
The PD-1 ligands, PD-L1, and PD-L2, are also highly expressed
by GC B cells (129). PD-1 inhibits T cell activation by suppressing
CD28 costimulatory signaling (130). In the absence of PD-1, early
Ty differentiation is not affected, but the GC Try cell population
is enriched at later time points (129). Similar studies investigating
the role of PD-1-PD-L1 interaction in Tgy responses consistently
report an expansion of Ty cells in Pdll™/~ mice and PD-
1-deficient (Pdcd1™/~) mice, respectively, following protein
immunization and viral infection (131-133). These findings
reveal that PD-1 signaling can limit the proliferation of Try
cells (134).

Surprisingly, the absence of PD-1 signals leads to a reduction
of B cell responses in some studies, despite an expansion of the
Try cell population (129, 131, 133). In one study, the increased
Try cell numbers observed in Pdcd1™/~ mice is associated with
a reduced synthesis of Il4 and I121 mRNA by these cells (129),
potentially explaining the reduced GC B cell responses. The
discrepancy between the increased Tpy cell numbers and the
reduced B cell responses could also result, in part, from the
contributions of PD-1 to the Tgr cell population. In one study,
Pdcd1~/~ mice have elevated numbers of Tgg cells that display
enhanced suppressive activity following immunization with NP-
OVA (135). The contribution of this suppressive population has
not been assessed in other studies. It is possible that PD-1 affects
the ratio between Try and Trg cells differently in various models.

The ability of PD-1 to inhibit T cell activation depends
on the recruitment of phosphatases SHP-1 and SHP-2 to the
cytoplasmic domain of PD-1 (136, 137). More importantly, CD28
costimulatory signaling is distinctively sensitive to the PD-1-
associated phosphatase activity (130). The recruitment of p85a
and the phosphorylation of the CD28-associated kinases, Lck
and PKC6, are attenuated by the PD-1-SHP complex (130, 136).
Interestingly, TRAF6 interacts with SHP-1, and this molecular
complex restrains the phosphorylation of the p85a subunit of

PI3K and the activation of the canonical NF-kB pathway (138),
suggesting that TRAF6 might interfere with the co-inhibitory
signaling of PD-1.

BTLA Signaling

BTLA, the ligand of the TNFRSF member HVEM, is highly
expressed on Ty cells. Btla™/~ mice have elevated level of
IgG in response to the T-cell dependent NP-KLH antigen (139).
Moreover, Btla~/~ mice produce autoantibodies spontaneously
(140), indicating that BTLA acts as a negative regulator of the
humoral response. Upon immunization, Try generation is not
affected in Btla~/~ mice, but the number of GC B cells is elevated
(141). BTLA acts in a T cell-intrinsic fashion as Btla=/~ CD41 T
cells activated in vitro in presence of IL-6 increase the production
of IL-21, and promote IgG2a and IgG2b Ab responses upon
in vivo transfer.

Similar to PD-1, BTLA relies on dual tyrosine phosphorylation
motifs in its cytoplasmic tail to recruit SHP-1 and SHP-2 in
T cells (142). Because TRAF6 interacts with SHP-1 (138), it is
conceivable that TRAF6 might affect BTLA signaling.

Cytokines and STAT Signaling

In addition to the TCR and costimulatory receptors, interactions
of autocrine or paracrine cytokines with their cognate receptors
provide essential signals that regulate the differentiation and
function of Tgy cells. The signal transducer and activator of
transcription (STAT) proteins are critical integrators of cytokine
signals. Multiple STAT molecules can be activated simultaneously
by one or more cytokines (143). The differentiation of
Try cells is positively or negatively modulated by STAT3-
dependent cytokines (IL-6, IL-21, IL-27) and STAT5-dependent
cytokines (IL-2 and IL-7), respectively. Interestingly, several
TRAF molecules are involved in these cytokine/STAT signaling
cascades.

IL-6

IL-6 is a pleiotropic cytokine that plays a major role in
inflammation. Several studies have independently demonstrated
the importance of IL-6 in Ty generation (78, 144, 145).
Indeed, I16~/~ mice display reduced GC formation and humoral
responses (146). An initial spike of IL-6 production is detected
on days 1-3 in both acute and chronic LCMV infection models
(145). At the T cell priming stage, conventional DC secrete large
amounts of IL-6 upon activation. IL-6 can transiently induce
the expression of the transcription factor Bcl6 and cytokine IL-
21 (42, 78), creating a positive feedback loop for enforcing the
Try cell fate. Hence, the early programming of Try cells is
abated in the absence of IL-6 (144). However, during chronic
infection with LCMV Clone 13, a second wave of IL-6 expression
is observed 3 weeks post-infection. FDC are responsible for the
production of IL-6 at this late phase of viral infection (145).
Administration of an IL-6-neutralizing Ab or IL-6R-blocking Ab
20 days after infection reduces Bcl6 expression, Tpg and GC
B cells (145). Interference with IL-6 functions also impairs the
host’s ability to clear the virus, indicating a late, but critical, role
of IL-6 in maintaining an intact humoral response. However,
other studies demonstrate that the differentiation of Try cells
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is not compromised in 116=/~ mice or upon IL-6 neutralization
(147-149), indicating that other signals, including IL-21, may
compensate for the absence of IL-6 (see below).

Interestingly, the impact of T cell-specific deletion of IL-6Ra
is less profound than the systemic deletion of IL-6 (144, 149,
150). The proportion of CXCR5TPD-17" Tgy cells is moderately
reduced in Il6ra’/! Cd4©"* mice following antigen immunization.
Antigen-specific Try cells generated in vivo in the absence of IL-
6Ra show reduced expression of Bcl-6 and IL-21 (150). However,
there is a significant reduction in the fraction of GC B cells
and plasma cells, implying that IL-6Ra signaling is indispensable
for Ty cell functions. At the molecular level, the IL-6 receptor
is composed of IL-6Ra and the glycoprotein 130 (gp130), a
signal transducer common to IL-6 receptor family members.
TRAF2 and TRAFS5 constitutively associate with gp130 (35, 36).
This interaction suppresses the recruitment of STAT3 to the IL-
6R complex, because they compete for the same binding site
on gpl30 (35, 36). Therefore, TRAF2 and TRAF5 are negative
regulators of the IL-6R signaling pathway that could potentially
limit the induction and functions of Try cells (Figure 1).

IL-21

IL-21 is a member of the common y-chain family of cytokines
produced by activated T and B cells. Its cognate receptor, IL-21R,
is also highly expressed on Ty cells (151) and GC B cells (152).
Interestingly, lack of IL-21 or IL-21R does not affect the initial
differentiation and expansion of Try cells (153, 154). However,
the contraction of CXCR51 PD-11 GC Ty cells occurs at a faster
rate in 11217/~ or II21r~/~ mice after the first week of antigen
challenge (153, 154). Although T cells are found in the GCs,
these T cells are not able to support GC reactions in II217/~ or
11217~/ mice, leading to diminished levels of GC B cells, plasma
cells, and serum IgG. Taken together, these data suggest that the
IL-21-IL-21R axis is required for the Tpy cell persistence and
functions.

Despite supportive evidence, the T-cell intrinsic role of IL-
21 in the generation of humoral responses is hotly contested.
Studies using 11217/~ and I121r~/~ mice show that the in vivo
generation of CXCR5TPD-1" Tpy cells in these mice is as
robust as in wt mice following NP-KLH (152) or NP-CGG
(147) immunization, or infection with LCMV (148) or Influenza
(149). Several additional studies provide potential insights into
this discrepancy: First, while the loss of either IL-6 or IL-21
alone has only a marginal effect on Try development and GC
formation in response to acute viral infection, the simultaneous
loss of both cytokines in 116/~ 11217/~ mice (149) or the
neutralization of IL-6 in I121~/~ mice (148), significantly blunts
the antiviral Ab responses. These results indicate that IL-6 and
IL-21 can act redundantly or complementarily to promote Try
development. This is mechanistically conceivable because IL-6
and IL-21 signal predominantly through the same intracellular
signal transducer, STAT3 (see below). Second, even in the
presence of an intact Ty cell population, 11217/~ and II21+~—/~
mice are severely defective in mounting Ab responses. Mixed
bone marrow chimera experiments revealed that IL-21 acts
directly on B cells (152). In the absence of IL-21, the proliferation
of GC B cells is significantly curtailed at the later stage of viral

infection. However, as mentioned earlier, Try and B cells in GCs
are mutually dependent on each other. The absence of either IL-
21 or IL-21R on either T or B cells could lead to similar defects.
Therefore, the impaired T cell-dependent humoral responses
in intact 1217/~ and II2Ir~/~ mice do not reveal whether
IL-21 acts in an autocrine fashion or, alternatively, whether T
and/or B cells respond to IL-21 in a paracrine fashion. Transfer
of wt or II21r~/= T cells and B cells into irradiated recipient
mice shows that the presence of IL-21R on both T and B cells
is required for the optimal production of high-affinity Abs in
response to LCMV infection (154). Nonetheless, owing to the
essential and yet complicated roles of IL-21 in T-dependent
humoral responses, a “cleaner” experimental setup, based on the
inducible Cre/lox system, would be required to rigorously dissect
the spatiotemporal functions of IL-21 and/or IL-21R in T and B
cells.

TRAF5 acts a negative regulator of IL-21 production.
Traf5~/~ CD4" T cells secrete significantly elevated amount of
IL-21 upon CD3 plus CD28 costimulation in the presence of IL-
6 and TGF-B (35). This effect is dependent on the presence of
IL-6 as the binding of TRAFS5 to the IL-6R complex restricts the
activation of STAT3 (Figure 1).

IL-27

IL-27 is a member of the IL-6/IL-12 family of cytokines,
which binds to a heterodimeric receptor consisting of IL-
27Ra and gpl30 subunits. [127ra~/~ mice display defective
development of CXCR5TPD-1" GC Tgy cells (155). Stimulation
with recombinant IL-27 in vitro enhances ICOS expression
and IL-21 production from naive CD4" T cells (155, 156).
Additionally, IL-27 is required to promote the maturation of GC
B cells (157). In vivo, IL-27 promotes T-dependent Ab responses
through a combination of T- and B cell-intrinsic mechanisms
(157). Because IL-6 and IL-27 share the gp130 subunit, it is
possible that TRAF2 and TRAF5 could similarly modulate the
signaling events downstream of IL-27R, and hence, alter the
differentiation and functions of Ty cells.

Type | IFN

The dependence on STAT1 for the early stage of Tpu
differentiation (144) implies a role for type I IFNs (IFNa/f) in
this process, because STAT1 is the key transcription regulator
downstream of the type I IFN signaling pathway. IFNa/f are
ubiquitous cytokines produced by innate immune cells during
the early phase of viral infection. An early report demonstrates
that exogenous administration of IFNa/f strongly promotes the
production of IgG in a dose-dependent manner following antigen
immunization (158). Conversely, in the absence of the IFNa/p
receptor (IFNAR) subunit IFNARI, the differentiation of Tyy
cells, migration of Tgy cells into the GC, and B cell responses are
impaired following immunization (159-161). Mechanistically,
IFNa/f signaling in DC induces the production of IL-6, which
in turn promotes Tpy differentiation in vivo (159). In vitro
treatment of CD4 T cells with IFNa/B induces the expression
of Bcl6, CXCR5 and PD-1, but not the production of IL-21,
suggesting that T cell-intrinsic IFNo/p signaling can positively
contribute to the Tpy differentiation. In agreement, in mixed
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bone marrow chimera experiments, the Tpy differentiation of
Ifnar~/= T cells is compromised, compared to wt T cells in
the same recipients, demonstrating a T cell-intrinsic role of
IFNo/p in the Try differentiation following immunization (160,
161). Paradoxically, in the context of experimental Plasmodium
infection, the differentiation of Tgy cells, GC B cells, and Ab
responses are significantly enhanced in Ifnarl ™/~ mice or upon
anti-IFNAR1 Ab neutralization (162, 163), implying a negative
role of IFNa/f signaling in parasitic infections. The contrasting
roles of IFNa/f in the differentiation and functions of Tgy
cells might reflect the differential requirement of IFNa/f and its
signaling in viral vs. parasitic infections.

Upon stimulation with IFNf, TRAF2 coimmunoprecipitates
with the IFNARI1 subunit of the IFN receptor complex (164).
Analysis of Traf2~/~ mouse embryonic fibroblasts (MEF) shows
that the formation of the p52-p65 complex in the non-canonical
NEF-kB signaling pathway is absent upon stimulation with IFNB.
However, the IFN-induced activation of the canonical NF-
kB pathway, and the phosphorylation of STAT1, STAT2, and
STAT3 are indistinguishable between WT and Traf2~/~ MEFs.
Therefore, in lieu of TRAF2, other TRAF molecules might
regulate these latter signaling cascades in response to IFNa
stimulation (see below).

STAT1 and STAT3

As described above, IL-6,—21, and—27 promote the
differentiation, persistence and functions of Tpy cells in a
T cell-intrinsic manner. A common feature among these Try-
inducing cytokines is their signaling via the transcription factors
STAT1 and STAT3. Not surprisingly, STAT1 or STAT3 deficiency
affects the generation of T-dependent B cell memory and high
affinity Ab-secreting cells. The lack of STAT3 leads to profound
defects in the acquisition of B cell help functions. T-cell specific
deletion of STAT3 significantly impairs the number of CXCR5"
Try cells, GC B cells, and IgG levels in mice following challenge
with antigen plus adjuvant or LCMV infection (78, 165, 166).
In humans, individuals with missense mutations or short
deletions of STAT3 suffer from Hyper-IgE syndrome, a primary
immunodeficiency characterized by heightened susceptibility to
Staphylococcus aureus and Candida albicans. T cells from these
STAT3 mutated individuals fail to upregulate IL-21 and provide
help to B cells upon in vitro culture and a reduction of circulating
CXCR5% CD4%F T cells is observed in patients suffering from
hyper IgE syndrome resulting from STAT3 mutations (167).

In addition, type I interferon also mediates its signaling
through STAT1. Knockdown of STAT1 in mouse T cells results
in defective generation of early CXCR5"Bcl6™ Try cells 2 days
after infection. This defect is more pronounced when both STAT1
and STAT3 are absent, suggesting a redundant role of these
transcriptional regulators as downstream mediators of IL-6, —21,
—27, and type I interferon (144).

The crosstalk between TRAF proteins and STATs has only
been studied in recent years. As aforementioned, gp130, which
mediates signaling downstream of IL-6 and IL-21, interacts with
TRAF2 and TRAF5. Traf5~/~ CD4*' T cells exhibit an elevated
phosphorylation of JAKI kinase upon stimulation with IL-6,
suggesting that the recruitment of these TRAFs to the IL-6R

and IL-21R complexes limits the phosphorylation of JAK1 in T
cells (168).

In addition, TRAF6 associates with, and mediates the
ubiquitination of STAT3 in fibroblasts (169). This interaction
represses the transcriptional activity of STAT3 and downregulates
the expression of STAT3-regulated genes upon stimulation with
IFNa (169), suggesting that TRAF6 acts as a negative signaling
mediator of STAT3 downstream of Type I interferon signaling.
TRAF3 inhibits STAT3 activation downstream of IL-6R signaling
in B cells (170). Moreover, TRAF3 is required for the association
of the phosphatase PTPN22 with JAKI1, which in turn inhibits
STAT3 phosphorylation (170). TRAF3 and—6 might negatively
regulate STAT3 activity in T cells via similar mechanisms.

IL-12

IL-12 is well known for its key role in inducing Thl
differentiation in both mouse and humans. However, in rodents,
stimulation of naive mouse CD4 T cells in vitro in the presence
of IL-12 induces the expression of both the Try transcription
factor Bcl6 and the Th1 transcription factor T-bet (171). IL-21%,
IFNy®, and IL-21% IENy™ cells are simultaneously present in the
in vitro culture. However, the percentage of IL-21 producing cells
declines rapidly over time in favor of IENy™ cells, coinciding with
reduction of Bcl6 expression in favor of T-bet (171).

IL-12 has been shown to mediate the differentiation of human
Try cells. Activated DC can induce naive human CD4T cells
to produce IL-21 in an IL-12 dependent manner (172), and
conversely, naive human T cells primed with IL-12 can induce
B cells to produce Ig in vitro (172). In vitro stimulation of
naive human CD4T cells in the presence of IL-12 also induces
the expression of CXCRS5, Bcl6, and ICOS (172-174). The role
of IL-12 signals for Ty generation is also important for in
vivo responses as individuals deficient in the IL12-receptor
subunit IL-12RB1 display less circulating CXCR5* CD4 T cells,
altered GC responses, and reduced numbers of memory B cells
(174). Induction of IL-21 and Bcl6 by IL-12 depends on the
transcription factor STAT4 (171, 172). GC Tgy in human tonsils
show high levels of activated STAT4, suggesting that they could be
actively receiving IL-12 signals in vivo (174). Concomitantly, the
generation of Try and GC B cells is impaired in Statd—/~ mice
4 days following immunization, but not at later stages (171). To
date, no TRAF activity has been identified in the IL-12R or STAT4
signaling.

IL-2

IL-2 acts primarily on T cells via the IL-2R, consisting of the
o, B, and the common y subunits. The high-affinity IL-2Ra,
CD25, is differentially expressed in Tpy and non-Tpy cells.
CD25 is downregulated in Bcl6TCXCR5™ Try cells, whereas
CD25™ T cells express the transcription factor Blimp1, which is
antagonistic to Bcl6 (75). These findings support the notion that
Tru cells do not require IL-2 signaling for their differentiation
and functions. In fact, the expression of Bcl6 is elevated under
limiting IL-2 conditions. The accumulated Bcl6 proteins in turn
bind to DNA and repress its direct target Prdm1 (which encodes
the transcriptional repressor Blimp-1) (175). Reduction of IL-2
signaling results in increased Try cell differentiation during the
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early DC priming phase in II2ra*/~~ mice (176) or upon anti-IL-
2 Ab-mediated neutralization. Correspondingly, treatment with
recombinant IL-2 impairs Tgy differentiation and suppresses GC
B cell responses (177).

TRAF3 and 6 are both negative regulators of IL-2 signaling
(Figure 1). TRAF3 is recruited to the IL-2 receptor complex and
promotes the recruitment of the phosphatase TCPTP. Traf31/
Cd4®® T cells show enhanced phosphorylation of Jakl, Jak3,
and STAT5 upon IL-2 stimulation (33). Additionally, TRAF6
coimmunoprecipitates with IL-2RB in 293T cells coexpressing
those two proteins, and preactivated Traf6—/~ CD4" T cells
display enhanced phosphorylation and activation of Jakl and Erk
in response to IL-2 (34). TRAF3 and TRAF6 could therefore
contribute to the control of Tgy differentiation by modulating
IL-2 signals.

IL-7

IL-7, a member of the IL-2 cytokine family, is important for
T and B cell survival, proliferation and development. Similar
to CD25, IL-7Ra expression is strongly downregulated during
Try differentiation, as early as 3 days following LCMV infection
(178). IL-7Ra is then progressively reexpressed and GC Try
cells express high IL-7Ra levels (178), consistent with a role
for IL-7 in the long-term survival of memory T cells. The
early downregulation of IL-7Ra suggests a negative role for
IL-7 signals in the differentiation of Tgy cells. Indeed, Bcl6
represses IL-7R (179) and, reciprocally, Try exposure to IL-
7 represses the expression of the key Tpy genes, Bcl6 and
Cxcr5 (180). Consistent with these findings, administration of
anti-IL7Ra Ab enhances Ty development and GC reactions,
whereas transgenic expression of IL-7Ra by CD4" T cells
reduces their Tgy differentiation (179). Intriguingly, one study
showed the opposite, i.e., positive role of IL-7 on Ty cells. The
administration of exogenous Fc-fused IL-7 significantly increases
both CD4" and CD8*' T cell responses induced by a DNA
vaccine (181). The enhancement of CD4" T cell responses was
accompanied by the expansion of Try cells, GC B cells, and GC
reactions (181). The enhanced development of Tyy cells in this
experimental model is not dramatically affected by IL-6 and IL-
21 neutralization, suggesting an independent role of IL-7 in Try
differentiation. No TRAF activity has been associated with IL-7R.

STAT5

IL-2 and IL-7, which negatively regulate Try generation, signal
through STATS5. STATS5 acts as a transcriptional repressor for the
expression of Bcl6 (182). Inhibition of Bcl6 expression correlates
with the enhanced binding of STATS5 to the Bcl6 promoter region
in Thl cells stimulated with IL-2 in vitro (175). Similarly, in
IL-7 stimulated cells, there is an increase of STAT5 binding
to the Bcl6 gene promoter, leading to a reduction in Bcl6
expression (180). Accordingly, T cell-specific deletion of STAT5
increases Try cell development, GC B cell numbers, and Ab
levels following immunization (183). On the other hand, the
presence of a constitutively active STAT5 mutant in antigen-
specific T cells blocks the differentiation of Ty cells following
LCMYV infection (176).

TRAF3 and 6 are recruited to the IL-2R and negatively
regulate its signaling activity (33, 34). After IL-2 stimulation,
activation of STATS5 is enhanced in Traf3"/1 Cda®re T cells,
suggesting that TRAF3 acts as a negative regulator of STAT5 (33).

TGF-8

In the human immune system, TGF-B alone is insufficient to
induce expression of the Ty cell phenotype (184). In vitro TGF-
B stimulation in combination with IL-12 or IL-23 optimally
promotes the expression of Tpy-associated molecules Bcl6,
CXCR5, ICOS and IL-21, and antagonizes Blimpl expression,
in naive human CD4™" T cells (184). Elevated phosphorylation
of Smad2, a downstream effector of TGF-f signaling, is found
in T cells localized close to the GC in tonsils, suggesting
that TGF-B signaling is likely to participate in human Tgy
differentiation (184). However, the requirement of TGF-§ for
Tpu differentiation appears to be species-specific as in vitro
stimulation of murine T cells with TGF-f inhibits the induction
of Bcl6, IL-21 and ICOS (42, 184, 185). In contrast, experiments
using adoptive transfer of antigen-specific Tgfbr2~/~ T cells
revealed that T cell-intrinsic TGF- signaling is required for the
differentiation of CXCR5TPD-1" Ty cells and the generation of
GC B cell and Ab responses in vivo following LCMV infection
(186). TGF-B suppresses the expression of CD25. The absence of
IL-2 signaling, in turn, is beneficial for the early induction of Ty
cells.

In vitro stimulation of Traf6/® Cd4°® murine T cells in the
presence of TGF-f shows enhanced and sustained Smad2 and
Smad3 phosphorylation. This sustained TGF-f signaling results
in lower 112 mRNA and protein levels (187). Therefore, TRAF6
acts as a negative regulator of Smad-mediated TGF- signaling in
T cells, and thus, may influence the differentiation and functions
of Try cells (Figure 1).

TRAF-MEDIATED CANONICAL AND
NON-CANONICAL NF-kB SIGNALING IN
Trn CELL DIFFERENTIATION

TRAF family members are critical signal transducers that
relay signals between stimulus-sensing surface receptors and
transcription regulators, ultimately leading to a change in gene
expression. Many studies using different cell types and stimuli
reveal that TRAF family members are involved in the activation
of the transcription factors of the NF-kB family. NF-kB can
be activated via two major pathways: the canonical and non-
canonical signaling pathways [reviewed in (188, 189)]. Briefly,
the canonical NF-kB pathway is controlled by TAKI kinase
activation that leads to the ubiquitination and proteasomal
degradation of IkB family members, resulting in the release
and nuclear translocation of the NF-kB1/p50-RelA/p65 and NF-
kB1/p50-c-Rel dimers. On the other hand, activation of the
non-canonical NF-kB pathway depends on the NF-kB-inducing
kinase NIK. NIK can phosphorylate and activate IKKa, which
in turn promotes p100 processing to generate NF-kB2/p52 and
allow its nuclear translocation together with RelB. In the absence
of activating signals, constitutive ubiquitination and degradation
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of NIK ensures the repression of the non-canonical NF-kB
pathway. Herein, we will focus on the role of TRAF proteins
in the canonical and non-canonical NF-kB signaling pathways
(summarized in Figure 2) and discuss how TRAF-mediated
NF-kB signaling can contribute to Try differentiation and T-
dependent humoral responses. Readers are advised to refer to
other chapters in this volume to gain a broader perspective of
TRAF-mediated canonical and non-canonical NF-kB pathways
in the immune system.

TRAF-Mediated Canonical NF-kB Signaling

in T|:|-| Cells

Several studies demonstrate the T cell-intrinsic requirement
for canonical NF-kB signaling in Tpy differentiation. First,
genetic ablation of the transcriptional subunit, NF-kB1/p50,

CANONICAL NON-CANONICAL

IKK p_(6)
complex log

2 active IKK -P
complex ~P

@ TRAF1 (2 ) TRAF2 @TRAFs @TRAFs @TRAFG

FIGURE 2 | Role of TRAFs in the canonical and non-canonical NF-kB
signaling pathways. NF-kB can be activated via the canonical or
non-canonical signaling pathways. The canonical pathway is controlled by
TAK1 kinase activation, which activates the IKK complex and leads to
ubiquitylation and proteasomal degradation of IkB family members, resulting in
the release and nuclear translocation of NF-kB1/p50-RelA/p65 and
NF-kB1/p50-c-Rel dimers. RelA/pB5 is dispensable for Tey differentiation but
c-Rel regulates the expression of IL-21 and CD40L and is required for Ty
differentiation. TRAF2 and—6 favor IKK complex activation by TAK1 and
TRAF1 and—5 are required for optimal IkB degradation. The activation of the
non-canonical NF-kB pathway depends on the NF-kB-inducing kinase NIK.
NIK can phosphorylate and activate IKKa, which in turn promotes p100
processing to generate NF-kB2/p52 and allows nuclear translocation of
NF-kB2/p52 and RelB. In the absence of activating signals, constitutive
ubiquitylation and degradation of NIK ensures repression of the non-canonical
NF-kB pathway. NIK deficiency in T cells does not impact Tgy differentiation.
TRAFs regulate the non-canonical NF-«kB pathway by modulating NIK
expression levels: TRAFG is involved in transcriptional regulation of Nik
whereas TRAF2 and—3 contribute to its degradation. TRAF1 restrains the
non-canonical NF-kB pathway activation by inhibiting p100 processing.

in OT-II CD4" T cells selectively impairs the upregulation
of CXCRS5 following immunization, leading to a severe defect
in the generation of CXCR5TPD1" GC Ty cells and GC B
cell responses (190). Second, because the NF-kB1/p50 subunit
dimerizes with RelA/p65 or c-Rel, Rel ™/~ mice (deficient for c-
Rel) display defects in T cell-dependent humoral immunity (191).
Subsequently, it was demonstrated that the mRNA and protein
levels of IL-21 are reduced in Rel ™/~ T cells, indicating that c-
Rel positively regulates the expression of IL-21 in T cells (192).
Moreover, the expression of c-Rel is regulated by a microRNA,
miR-155 (193). T cell-specific ablation of miR-155 promotes the
degradation of c-Rel, which impedes the upregulation of CD40L
in mir155~/~ T cells, and severely impairs Try differentiation
and B cell Ab responses in vivo (193). This defect can be
restored by over-expression of c-Rel in mir1557/~ T cells,
pointing to a T cell-intrinsic role for c-Rel in the control of
Try differentiation. Interestingly, the other NF-kB1/p50 partner,
RelA/p65, is dispensable for Try differentiation (194).

TRAFI, 2, 5, and 6 can positively regulate the activation of
the canonical NF-kB pathway (Figure 2). Trafl~/~ T cells show
reduced IkB degradation upon stimulation with anti-4-1BB Ab
(23). TRAF2 knockdown impairs the canonical NF-kB activation
induced by anti-CD3/CD28 stimulation in Jurkat T cells (195),
by anti-OX40 stimulation in T cell hybridomas (101), or by
anti-4-1BB in HEK293T fibroblasts (116). Preactivated TrafS’/ -
T cells also show reduced canonical NF-kB activation upon
treatment with anti-GITR Ab (104). In addition, knockdown of
TRAF6 hinders the activation of the canonical NF-kB pathway in
Jurkat T cells stimulated with anti-CD3/CD28 Ab (195), and the
degradation of IkB is delayed in Traf6=/~ T cells (27). Hence,
TRAFI1, 2, 5, and 6 can contribute to Try differentiation by
positively regulating the canonical NF-kB pathway.

TRAF-Mediated Non-canonical NF-xkB
Signaling in Tgy Cells

The role of non-canonical NF-kB signaling in T cell-dependent
Ab responses has been extensively studied in Nik~/~ mice, which
display an impaired development of CXCR5" PD-11 GC Ty
cells (196). However, Try differentiation was not affected when
NIK deficiency was restricted to T cells using an adoptive transfer
model, implying that the role of NIK in Ty differentiation is not
T cell-intrinsic (196). Instead, the expression of NIK in B cells
is required for the optimal expression of ICOSL, and, thus, the
promotion of Tgy differentiation. These findings suggest that the
non-canonical NF-kB signaling pathway in B cells, but not in T
cells, is required for humoral responses. Although the deletion
of either RelB or NF-kB2/p52 does not affect B cell responses,
genetic ablation of both RelB and NF-kB2/p52 in GC B cells
dramatically impedes GC reactions (197). Therefore, the non-
canonical NF-kB signaling is more important in B cells, which
in turn could affect the differentiation and maintenance of GC
Tgy cells.

TRAF2 and TRAF3 play a negative role in the control of the
non-canonical NF-kB pathway (Figure 2). The absence of either
TRAF2 or TRAF3 results in the constitutive activation of this
pathway in T cells (25, 198). TRAF2 and TRAF3 form a complex
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with cIAP1 and cIAP2, which are E3 ubiquitin ligases responsible
for NIK ubiquitination and degradation. In the absence of TRAF2
or TRAF3, the cIAP-TRAF complex is disrupted, allowing an
increase of NIK protein level and aberrant activation of the non-
canonical NF-kB pathway (199-201). In a similar fashion, TRAF1
has also been found to restrain the non-canonical NF-kB pathway
in response to stimulation with anti-CD3 Ab (23). On the
other hand, TRAF6 acts as a positive regulator by inducting the
expression of NIK, resulting in activation of the non-canonical
NF-kB pathway in the presence of OX40 ligation (202).

As T cell-specific Nik deficiency did not affect Tpy
differentiation (196), modulation of the non-canonical NF-kB
pathway by TRAF2, 3, and 6 is not likely to directly impact on
Ty differentiation. However, because the non-canonical NF-
kB pathway is important for B cell maturation, which in turn
is required to maintain Try cells, TRAFI, 2, 3, and 6 might
contribute to the overall T-dependent and T-independent Ab
responses.

T CELL- AND B CELL-INTRINSIC ROLES
OF TRAFS IN HUMORAL RESPONSES

In this part, we will review the contribution of individual
TRAF proteins to the development of T cell-dependent humoral
responses and discuss whether each TRAF member influences
humoral responses through T cell-intrinsic or B cell-intrinsic
pathways. In humans, single nucleotide polymorphisms of
several members of the TRAF family are associated with the
development of SLE and RA (16), two autoimmune disorders
with excessive Try responses and GC reactions (7). However, the
mechanisms by which TRAFs contribute to disease susceptibility
or development are unknown. In this part we will infer the
potential contributions of each TRAF family member to the
differentiation of Ty cells at the mechanistic level, in light of the
known role of TRAFs in the signaling pathways controlling Try
differentiation reviewed in the preceding sections.

TRAF1

Trafl~/~ mice display normal T cell and B cell lymphocyte
development (22). Increased T cell proliferation of Trafl =/~ T
cells is observed in response to anti-CD3 Ab (22, 23) or antigen
stimulation (203). Traf1~/~ CD4" T cells express higher levels of
the Th2 cytokines IL-4, IL-5, and IL-13 upon in vitro stimulation.
Accordingly, transfer of OVA-stimulated Trafl=/~ CD4* T cells
into naive wt recipients trigger an enhanced asthmatic response
following aerosol inhalation with ovalbumin as compared to
the transfer of OVA-stimulated wt CD4" T cells (203). TRAF1
has been reported to associate with CD40 (204). However,
the proliferation of Trafl~/~ B cells is not affected upon in
vitro stimulation with anti-IgM or anti-CD40 Abs, or in vivo
challenge with T cell-independent antigens (22). Trafl~/~ mice
display normal I1gG1, IgG2a, and IgE anti-ovalbumin responses,
suggestive of an intact B cell isotype switching and T cell help
(22). These data suggest that TRAF1 is dispensable for the
development of T cell-dependent humoral responses.

TRAF2

Traf2~/~ mice are embryonic lethal as a result of excessive
TNFa production. Simultaneous deletion of the TNFa-TNFR1
axis results in partial rescue of the Traf2~/~Tnf/~ or
Traf2~/~ Tnfr1=/~ animals (205). Traf2~/~ Tnf~/~ mice display
normal IgM levels in response to VSV infection, but the IgG
responses are abrogated. B cells from Traf2~/~Tnfr1~/~ mice
fail to proliferate and activate NF-kB in response to in vitro
anti-CD40 stimulation (205). These data are consistent with
the fact that TRAF2 interacts with CD40 (204), and that this
interaction is essential for isotype switching (206). However,
the fact that these models lack TRAF2 and TNFa-TNFRI1
signaling confounds the interpretation regarding the actual
role of TRAF2 in the development of T cell-dependent Ab
responses.

To better define the roles of TRAF2 in B cells, Traf2/1
Mx1% and Traf2"/1 Cd19°* mice were generated, resulting
in B cell-specific TRAF2 deletion (198, 207). Unexpectedly,
B cell specific TRAF2 deficiency resulted in increased B cell
numbers in the secondary lymphoid organs. Traf2~/~ B cells
display enhanced survival, increased cell size and constitutive
activation of the non-canonical NF-kB pathway. Nevertheless,
the CD40-mediated activation of the canonical NF-kB pathway
and B cell proliferation are impaired in the absence of TRAF2,
implying a positive regulatory role of TRAF2 in CD40 signaling.
Similar to the TrafZﬂ/ I Mx1€re and TmfZﬂ/ 1 419" mice, mice
expressing a TRAF2 dominant negative transgene (TRAF2-DN)
devoid of the N-terminal RING and zinc finger domains display
splenomegaly and lymphadenopathy (208). Surprisingly, the
canonical NF-kB pathway is unperturbed in B cells isolated from
TRAF2-DN mice in response to CD40L or TNFa stimulation.
Instead, the activation of the JNK pathway is dependent on
TRAF2 following CD40L or TNFa stimulation (208). The
functional discrepancy between Traf2~/~ and TRAF2-DN-
expressing B cells could be explained by the conservation of
TRAF2-mediated protein-protein interactions in TRAF2-DN-
expressing B cells.

The contribution of TRAF2 to T cell functions and its
implication in the regulation of Ab responses is under-explored.
T cells from TRAF2-DN (208, 209) and TmfZﬂ/ fl' LckCre mice
(24) show defective in vitro T cell proliferation in response
to anti-TCR stimulation or allogenic APCs. Traf2~/~ T cells
show a propensity to skew into the Th2 lineage upon in vitro
polarization and their Th17 differentiation is impaired (24). This
is associated with reduced JNK and canonical NF-kB pathway
activation following stimulation with TNFa. To date, a T cell-
intrinsic role for TRAF2 in Tgy differentiation has not been
reported. However, because TRAF2 is involved in recruitment
of PI3K to OX40 (210) and activation of the classical NF-
kB pathway downstream of OX40 (101) and GITR (103), two
key molecules promoting Tpy differentiation, TRAF2 could
potentially play a positive regulatory role in the differentiation
of Tgy cells. On the other hand, TRAF2 has been shown
to restrain IL-6 signaling, suggestive of a negative role in
Tpy differentiation [Figures 1, 2; (36)]. Therefore, the overall
role of TRAF2 in T-dependent Ab responses awaits further
exploration.
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TRAF3

Traf3~/~ mice die within 10 days of birth. To assess the
contribution of TRAF3 to T cell-dependent Ab responses, fetal
liver cells were used to reconstitute the hematopoietic system of
sublethally irradiated recipients (211). Traf3~/~ fetal liver cells
could reconstitute the T cell, B cell, granulocytic, and erythroid
lineages, and reconstituted recipients survived longer than 6
months. Using this chimeric system, recipient mice reconstituted
with Traf3~/~ cells failed to produce antigen-specific IgG in
response to T cell-dependent antigens. However, the proliferation
of Traf3~/~ B cells in response to stimuli such as anti-IgM Ab
and CD40L was normal. Because the T cell recall response after
in vivo immunization is dramatically reduced in the absence of
TRAF3, it was concluded that TRAF3 is required for T cell help
(211).

To circumvent the early postnatal lethality of Traf3~/~ mice,
Traf31/1 Cd19°"¢ mice with B cell-specific TRAF3 deletion were
generated (198, 212). These mice exhibited splenomegaly and
lymphoadenopathy, with a concomitant elevation of follicular
B cells, spontaneous GC formation, hyperimmunoglobulinemia,
T cell-independent Ab responses, and exacerbated autoimmune
manifestations (212). At the molecular level, Tme’/ - B
cells exhibit constitutive activation of the non-canonical NF-
kB pathway, supporting the survival of B cells. In spite
of all these B cell defects, the development of GC B cells
in Traf3"1 Cd19° mice following immunization remained
intact (213). Paradoxically, B cell-specific overexpression of
TRAF3 in a transgenic mouse strain induced excessive systemic
inflammation, autoimmunity, and hyperimmunoglobulinemia at
an old age (214). These transgenic mice are hyperresponsive
to T-dependent and T-independent antigen challenges, despite
the fact that the over-expression of TRAF3 does not alter the
CD40-mediated NF-kB and MAP kinase pathways in B cells.
Altogether, these results indicate an important, yet complicated,
role of TRAF3 in regulating B cell homeostasis.

To understand the roles of TRAF3 in T cell biology, Traf3%/1
Cd4°™ mice were generated. These Traf3"/1 CD4“¢ mice are
born at the expected Mendelian ratio, and they survive and breed
normally (25). Following immunization with a T-dependent
antigen, the antigen-specific IgG1 Abs are nearly absent in these
mice, indicative of a T cell-intrinsic role of TRAF3 (25). In a
Listeria monocytogenes infection model, Traf31/1 Cd4°r¢ mice are
much more sensitive to bacterial challenge, displaying a higher
bacterial load and lower numbers of IFNy-producing T cells in
the liver, demonstrating that Traf3~/~ T cells are compromised
(25). Mechanistically, TRAF3 is recruited to the TCR-CD28
complex and it participates in the activation of proximal TCR
signaling (Figure 1). In its absence, proliferation and cytokine
production are impaired in stimulated CD4" and CD8™ T cells.

Interestingly, Treg-selective TRAF3 ablation in Traf3"/f
Foxp3Cre mice leads to a marked reduction in Tgg cell induction
following immunization, resulting in increased expression of
Bcl6, Cxcr5 and the cytokines genes II-4, 1I-10, II-17, and Ifng by
Try cells, coupled with sustained GC reactions and production
of high-affinity IgG Abs (215). The expression of ICOS is
reduced in Traf3’/ ~ Tgr cells because of the inactivation of
TRAF3-dependent ERK and AP-1 signaling pathways (215).

However, whether TRAF3 influences Tgy differentiation in
a cell-intrinsic way remains to be determined. Interestingly,
alternative splicing of TRAF3 can generates a TRAF3 isoform
that mediates activation of the non-canonical NF-kB pathway
and the production of CXCL13 by T cells (216). Although the
relevance of TRAF3-controlled CXCL13 production in vivo in
T cell-dependent Ab responses remains to be elucidated, these
data suggest a positive role for TRAF3 in GC formation by
favoring Tgy cells migration into the GC. TRAF3 might also
positively influence Try differentiation by enhancing TCR- and
CD28-induced signaling (25, 26) and restraining IL-2R signals
[Figure 1; (33)]. Conversely, TRAF3 can inhibit IL-6R signaling
in B cells (170) and negatively regulate OX40-induced NF-
kB signaling in HEK293T cells (217). It is currently unknown
whether a similar TRAF3-mediated regulation of IL-6R and
NF-B signaling occurs in primary T cells.

TRAF4

Traf4~/~ mice show normal T and B cell differentiation. The T
cell-dependent IgG response to OVA immunization is unaffected
in Traf4~/~ mice (218). Although the Try cell population has not
been investigated in this study, this finding suggests that TRAF4
is dispensable for the differentiation and functions of Try cells.
No other studies to date have demonstrated a role for TRAF4 in
primary T cell functions.

TRAF5

Traf5~/~ mice show unaltered development of T and B cell
lineages (219, 220). Traf5~/~ mice produce similar titers of IgG1
Ab than wt controls following antigen immunization, but there
is a slight reduction in Ab affinity maturation (219). Traf5~/~ T
cells produce increased amounts of IL-4 and IL-5 in response to
OX40 stimulation in vitro, and develop a more severe Th2-driven
allergic lung inflammation following antigen immunization and
airway challenge (220). In this model, Tmf5’/ ~ mice produce
enhanced levels of OVA-specific IgE. Altogether, these data
suggest that the T cell-dependent class switching and production
of Ab in vivo are not dramatically affected by TRAF5 deficiency.
Notably, TrafS’/ ~ T cells display impaired GITR signaling,
with decreased canonical NF-«kB, Erk, and p38 activation,
and exhibit reduced proliferation and IL-2 production upon
stimulation in presence of anti-GITR Ab (104). TRAF5
constitutively associates with the gp130 subunit of the IL-6R
and negatively regulates IL-6R signaling by suppressing the
recruitment of STAT3 to the IL-6R complex (35, 36). The role
of TRAF5 in the development and maintenance of Tgy responses
in vivo remains to be investigated. Because GITR signaling (19),
activation of the canonical NF-kB pathway (190, 191), and IL-6
signaling (78, 144, 145) are all important for Try development,
one could predict that TRAF5 is also involved in modulation of
Try differentiation by integrating these signals (Figures 1, 2).

TRAF6
Traf6~/~ mice die prematurely within 17-19 days after birth,

displaying severe osteopetrosis, splenomegaly, thymic atrophy,
and defects in lymph node organogenesis (221, 222). B cells
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isolated from these mice fail to proliferate in response to anti-
CD40 stimulation, indicating that TRAF6 is a mediator of
CD40 signaling (222). These ex vivo data are consistent with
an in vitro study showing that a B cell line expressing a CD40
mutant incapable of binding TRAF®6 fails to secrete IL-6 and Ig
following anti-CD40 stimulation (223). Similarly, in transgenic
mice expressing a CD40 mutant incapable of TRAF6 recruitment,
the generation of plasma cells, IgG production, and affinity
maturation are severely compromised upon antigen challenge
(224). B cells from Trafs™/1 Cd19° mice display defects in
proliferation, IL-6 production and phosphorylation of p38 MAP
kinase upon stimulation with anti-CD40 Ab (225). In vivo
antigen challenge also reveals the requirement of TRAF6 in
T-dependent production of IgG, generation of long-lived plasma
cells, isotype switching, and affinity maturation (225).

In T cells, TRAF6 acts as a negative rheostat. Traf6™/1
Lck®™ mice develop a systemic inflammatory disease with
increased production of Th2 cytokines, significant expansion
of the B cell compartment and elevated serum Ab titers,
including anti double-stranded DNA Abs (27). Traf6~/~ T cells
are hyperproliferative and display constitutively active PI3K-
AKT signaling. These hyperreactive T cells are refractory to
Treg-mediated suppression (27). Additionally, Traf6~/~ T cells
exhibit enhanced Th17 differentiation in vivo and in vitro in
the presence of TGF-B (187). This effect was due to increased
responsiveness of Traf6™/~ T cells to TGF-p as TRAF6 impedes
the production of IL-2 (187), which is a known inhibitor of Th17
differentiation (226). TRAF6 can bind to IL-2Rp and inhibit Jak1
activation induced by IL-2 (34). Modulation of PI3K, TGEF-f,
and IL-2 signaling pathways by TRAF6 could directly affect Try
differentiation (Figure 1).

SUMMARY

The differentiation of Try cells is a complex process controlled
by the integration of multiple signals. Many studies support
the conclusion that TRAF proteins are important modulators
of T-dependent and T-independent humoral responses. TRAFs
act through a variety of mechanisms: modulation of TCR
signals and integration of costimulatory and cytokine signals. As
detailed above, TRAF2, 3, 5, and 6 are the most relevant ones
involved in many Tgy-inducing and Tgy-antagonistic signaling
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CD137 (4-1BB, Tnsfr9) is a member of the TNF-receptor (TNFR) superfamily without
known intrinsic enzymatic activity in its cytoplasmic domain. Hence, akin to other
members of the TNFR family, it relies on the TNFR-Associated-Factor (TRAF) family
of adaptor proteins to build the CD137 signalosome for transducing signals into the
cell. Thus, upon CD137 activation by binding of CD137L trimers or by crosslinking
with agonist monoclonal antibodies, TRAF1, TRAF2, and TRAF3 are readily recruited
to the cytoplasmic domain of CD137, likely as homo- and/or heterotrimers with different
configurations, initiating the construction of the CD137 signalosome. The formation of
TRAF2-RING dimers between TRAF2 molecules from contiguous trimers would help to
establish a multimeric structure of TRAF-trimers that is probably essential for CD137
signaling. In addition, available studies have identified a large number of proteins that are
recruited to CD137:TRAF complexes including ubiquitin ligases and proteases, kinases,
and modulatory proteins. Working in a coordinated fashion, these CD137-signalosomes
will ultimately promote CD137-mediated T cell proliferation and survival and will endow T
cells with stronger effector functions. Current evidence allows to envision the molecular
events that might take place in the early stages of CD137-signalosome formation,
underscoring the key roles of TRAFs and of K63 and K48-ubiquitination of target
proteins in the signaling process. Understanding the composition and fine regulation of
CD137-signalosomes assembly and disassembly will be key to improve the therapeutic
activities of chimeric antigen receptors (CARs) encompassing the CD137 cytoplasmic
domain and a new generation of CD137 agonists for the treatment of cancer.

Keywords: CD137, 4-1BB, TNFR, TRAF1, TRAF2, TRAF3, Inmunotherapy, cytotoxic T lymphocytes (CTL)

BRIEF INTRODUCTION TO THE TRAF PROTEIN FAMILY

TNF Receptor Associated Factors (TRAFs) are a family of 6 proteins (TRAFI to 6) characterized
for having a protein region composed by a coiled coil followed by a seven-eight anti-parallel B-
sheets at the C-terminus of the protein forming what has been coined as the TRAF domain (TD)
(1, 2). This domain is also known as the Meprin and TRAF-C homology domains (MATH), since
meprins, a family of extracellular proteases, also have a protein domain with high homology to the
TD (3). In addition, there are also 3 proteins in humans encompassing internal bona fide TRAF

Frontiers in Immunology | www.frontiersin.org 137

November 2018 | Volume 9 | Article 2618


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2018.02618
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.02618&domain=pdf&date_stamp=2018-11-15
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:jmzapata@iib.uam.es
mailto:imelero@unav.es
https://doi.org/10.3389/fimmu.2018.02618
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02618/full
http://loop.frontiersin.org/people/410471/overview
http://loop.frontiersin.org/people/425579/overview
http://loop.frontiersin.org/people/610636/overview
http://loop.frontiersin.org/people/87274/overview
http://loop.frontiersin.org/people/636703/overview
http://loop.frontiersin.org/people/636118/overview
http://loop.frontiersin.org/people/110911/overview

Zapata et al.

TRAF Regulation of CD137 (4-1BB) Signalosome

domains: tripartite motif (TRIM)-37, ubiquitin specific protease
(USP)-7 and speckle-type POZ protein (SPOP) (4). Of note is
that there is a protein known as TRAF7 that lacks a TD but has a
RING and zinc finger domains similar to those of some members
of the TRAF family proteins (5) and whose membership to the
TRAF family is controversial.

TRAF1 to 6 were first identified as TNF-Receptor
(TNFR) binding proteins, but it soon become evident that
different members of the TRAF family were also involved
in the regulation of pattern recognition receptors, including
members of the Toll-like receptors (TLRs), nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs) and
retinoic acid-inducible gene (RIG)-1-like Receptors (RLRs),
thus demonstrating the key role of TRAF family proteins in the
regulation of both innate and adaptive immunity [Reviewed by
(6)]. Moreover, some members of the TRAF family also regulate
cytokine receptors (6, 7). A role for TRAF family members in
development has also been described (8-10).

TRAFs are the molecules that first engage the activated
TNFR and act as scaffold proteins recruiting other proteins,
including kinases, ubiquitin ligases and deubiquitinases among
other regulatory proteins to conform the TNFR-signalosome.
TRAF family members, with the exception of TRAF1, have a
RING finger domain that endows some of them with the capacity
to act as E3 ubiquitin ligases. Thus, TRAFs can ubiquitinate
different components of the signalosome, including the TRAFs
themselves, and modulate the activity of the complex (6).

There is a redundancy in the ability of different members
of the TRAF family to interact with similar TRAF-binding
peptidyl regions located in the cytosolic tails of the TNFRs
[reviewed in (1, 2, 11)]. Moreover, besides this critical binding
region, the surrounding amino acids to the peptide core motif
in the cytosolic tail of TNFRs might also provide structural
constrains that may have an effect on the binding affinity. In
addition, the crystal structures of TDs bound to the cytosolic
region of distinct TNFR family members have shown that
particular structural features of the TD of each TRAF family
member, in particular of those forming the TNFR-binding
crevice, are critical in determining their specificities and binding
affinities to the TNFRs [reviewed in (12)]. Altogether, these
differences determine the binding specificity and affinity of the
members of the TRAF family for the different TNFR family
members (1, 11-14). Therefore, it is expected that a competition
would be established between different TRAFs trimers to dock
at the ligand-activated TNFR trimer, raising the possibility
that neighboring TNFR trimers in the very same cell will
hold TRAF trimers with different configurations. In addition,
some TRAF family members can form heterotrimers (see
below and Figure 1), adding further complexity to the system.
Consequently, the composition of the signalosome mounted
by each member of the TNFR family is likely to be highly
influenced by the recruited TRAF family members. Besides, the
signalosome composition would likely be cell type and activation
state dependent, as it will be contingent on the expression levels
and subcellular localization of the different proteins that could be
part of this complex.

CD137 AS A MODEL OF HOW TRAFS
CONFIGURE A TNFR-SIGNALOSOME

CD137 (4-1BB, TNFSFRY) is one of the TNFRs having a more
restricted number of TRAF family members involved in its
regulation, since only TRAFI, TRAF2, and TRAF3 interact
with and control CD137 activity. CD137 is a member of the
TNFR family whose expression is highly induced in CD8T
and NK lymphocytes upon activation, where it works as a
critical costimulatory receptor (16-18). Moderate to low levels
of CD137 expression could also be found in other activated
immune populations, including CD4 T cells, B cells, monocytes,
macrophages, granulocytes and dendritic cells and, in these cells,
CD137 can also convey costimulatory signals (17, 19).

CD137 delivers potent costimulatory signals to the activated
CTLs and memory T cells promoting cell proliferation and
survival and also endowing CD8T cells with CTL effector
functions. As such, in the last 15 years, CD137 has become one
of the most exciting targets to enhance anti-cancer immunity for
its ability of boosting CTLs with anti-tumor effector functions
(20-22).

CD137 binds to CD137-Ligand (CD137L, 4-1BBL, or tnfsf9),
a member of the TNF superfamily (TNFSF). CD137L is mostly
expressed on macrophages, activated B cells, and dendritic cells
(23). In this regard, it is noteworthy that antigen presenting
dendritic cells in tumors and tumor draining lymph nodes
and tumor associated macrophages seem to be responsible for
providing CD137L to cytotoxic T lymphocytes (CTLs) migrating
to tumors (24). CD137L remains the sole intercellular ligand
known for CD137, but binding of CD137 to extracellular
matrix proteins, such as fibronectin, vitronectin, laminin
and collagen VI (25) has been reported, albeit functional
consequences of the binding to these additional putative
ligands remain unknown. Interestingly, binding of CD137
to galectin-9, a member of the B-galactoside-binding family
of lectins, has also been shown (26). Interestingly, galectin-
9 binding to CD137 does not interfere with the binding of
either CD137L or agonistic anti-CD137 mAbs to the receptor.
Instead, it positively regulates CD137 function by keeping
preassembled CD137 complexes together (26), which could
be then further cross-linked by CD137L or by anti-CD137
mAbs.

The crystal structure of the CD137L trimer shows distinctive
structural features that differ from those of other TNF family
members. In this regard, CD137L trimer resembles a three-
bladed propeller which is different from the cork-like shape of
the trimers of other members of the family (27). This shape
also confers some structural particularities to CD137/CD137L
complex, which folds as a windmill-like shape structure. Despite
these structural differences with other TNF and TNFR family
members, these results are still fully consistent with a model for
CD137/CD137L interaction similar to that of other members of
the TNFR family, in which a trimeric ligand binding to three
receptors conforms the basic unit of signaling (28, 29).

As for many other members of the TNFRSE CD137 uses
TRAFs as scaffold proteins to build its signalosome. CD137
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FIGURE 1 | Schematic representation of the proposed TRAF trimer configurations and interactions in the CD137L/CD137 hexagonal lattice. (A) Lateral view
representing the various TRAF-trimer configurations that could be recruited to the activated CD137 trimers. The figure also shows the TRAF2-RING finger dimers that
would likely be formed between the RING finger domains of two TRAF2 molecules from adjacent trimers, which is a requirement for E3 ubiquitin ligase activity. Similar
interactions between the RING domains of clAP1/2 from contiguous trimers are also expected. (B) It is show in top view how the CD137-recruited TRAF trimers
would arrange forming a large hexagonal network that would be stabilized by the establishment of RING finger domains dimers between the TRAF2 molecules from
adjacent trimers or between the RING finger domains of contiguous clAP1/2 molecules. Further explanation in the text. Protein structure coordinates were obtained
from the PDB database and molecular graphics were performed with UCSF Chimera (15).

has been found to bind to TRAF1, TRAF2, and TRAF3 (30-  [reviewed in (1, 2)]. Point mutations studies showed that all
32) through two poly-acidic TRAF-binding consensus regions  three TRAFs seem to have binding preferences for the C-terminal
located in its cytosolic tail 234 TTQEEj35 and 246 PEEEEs50, which  246PEEEE»50 TRAF-binding region, suggesting that they might
are similar to those found in other TNFR family members  compete with each other for interacting with the activated
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receptor (31). Due to the proximity of the two TRAF binding
sites, binding of one TRAF trimer to one of these regions, would
render the other region unavailable by steric hindrance. However,
this does not rule out the presence of different TRAFs associated
to the same activated CD137 trimer, since TRAF1 and TRAF2
form heterotrimers that can associate to the activated TNFR (33).

Cross-linking of CD137 by either CD137L (30, 34) or bivalent
agonistic antibodies (35) readily results in the recruitment of
TRAF1 and TRAF2 to the receptor. The involvement of both
TRAF family members in the regulation of CD137 signaling and
function is further confirmed by several reports showing that
CD137 activity is significantly affected in model systems lacking
of either TRAF1 or TRAF2 (32, 36-38). However, the role of
TRAF3 as a scaffold protein building the CD137 signalosome
has not been confirmed and awaits further research, although
the evidence indicating the induction of NF-kB2 activation by
CD137 (38) implies that TRAF3 should be directly or indirectly
recruited to the CD137 signalosome (see below). In addition,
recent evidence shows that TRAF3, as well as TRAF1 and TRAF2,
are essential for the activity of CD137-based chimeric antigen
receptors (CARs) (39), further supporting TRAF3 role in CD137
function.

The absence of a RING finger domain in TRAF1 indicates that
it lacks any E3 ubiquitin ligase activity and no other intrinsic
enzymatic activity for TRAF1 has been identified so far (6, 40).
However, TRAF1 interacts with and regulates the activity of
a variety of ubiquitin ligases and proteases (33, 41, 42) and
it plays critical roles in the regulation of several members of
the TNFR family [Reviewed in (43)]. Initially, since TRAF1
expression is induced upon cell activation and it has similar
TNFR-binding preferences than TRAF2, it was thought that
TRAF1 would work toning down TNFR signaling in activated
cells by outcompeting TRAF2 from binding to the TNFRs
(43). Indeed, T cells from Trafl-deficient mice were hyper-
responsive to TNE, supporting a role for TRAFI as a negative
TNFR2 regulator (44). However, it was soon recognized that
TRAF1 was not just a TRAF2 competitor but, in some instances,
rather the contrary. In this regard, TRAFI1 positively modulates
CD40 activity by cooperating with its activity and preventing
TRAF2 degradation (45, 46). In addition, TRAF1 has been also
implicated in CD137-mediated survival of activated CTL (47, 48)
and of memory T cells (49).

The other TRAF family members that is critical for CD137
function is TRAF2. The RING domain that TRAF2 encompasses
at its N-terminus endows it with an E3 ubiquitin ligase activity.
Ubiquitin-conjugating protein (Ubc)-13 (Ube2N) is thought to
be TRAF2 major E2 enzyme companion, providing TRAF2 with
the capacity of mediating K63-ubiquitination and subsequent
activation of itself and other target proteins (50-52). In addition,
TRAF2 can also catalyze K48-ubiquitination of target proteins
(53, 54). Interestingly, the crystal structure of the TRAF2 RING
and the first zinc finger domains described by Wu et al. (55)
revealed structural constrains that would preclude Ubcl3 and
other related E2 ubiquitin ligases from binding to the TRAF2
RING, raising questions on the actual ability of TRAF2 to act as
an E3 ubiquitin ligase. However, these discrepancies were solved
when sphingosine-1 phosphate (S1P) was identified as a cofactor

required for TRAF2 E3 ubiquitin ligase activity (50). Indeed, S1P
seems to act as a bridge between the RING finger domain of
TRAF2 and the E2 proteins. Thus, in the presence of S1P, TRAF2
was able to ubiquitinate RIP1 and itself (and/or other TRAF2
molecules in the trimer) at K63 in the presence of Ubc13 or Ubc5
(Ube2D) (50).

CD137 SIGNALING: A RELATION OF
KNOWN AND SUSPECTED EVENTS

While TRAF2 is expressed in resting and activated T
lymphocytes, TRAF1 expression is induced upon activation
(60, 61). Thus, as CD137 expression will also be induced in
activated T cells (16, 17), both CD137 and TRAF1 will likely
coexist in activated T cells where CD137 costimulatory activity is
needed for CTL expansion and for boosting effector functions.
Therefore, the composition of the CD137-TRAF signaling
complexes would depends on the activation state of the cell and
the relative expression levels of TRAF1 and TRAF2.

The kinetics of CD137 expression in activated CD8T cells
implies that at early activation stages low levels of CD137 will
be found on the T cell surface (62, 63). However, even these
low levels might be sufficient to trigger CD137 signaling upon
interaction with the CD137L. In this regard, it has been proposed
that the ligand-free form of TNFR family members exists on the
cell surface as anti-parallel dimers arranged in a two-dimensional
hexagonal lattice that brings three receptor monomers together
at each lattice point [Reviewed in (28)]. This model would
imply that even low level of ligand-free TNFRs might be already
prearranged on the cell surface in high-density spots. In the
case of CD137, galectin-9 might contribute to the maintenance
of these bi-dimensional hexagonal structures (26). Assuming
this model, when CD137L or other TNF family member and
their corresponding TNFRs come together, the ligand trimer
will shift the equilibrium from the CD137 dimeric interaction
to the CD137 trimeric structure. The CD137/CD137L trimers
will still occupy each lattice point preserving the hexagonal
structure and maintaining neighboring activated CD137 trimers
close, thus facilitating the establishment of molecular interactions
between adjacent trimers. TRAF trimers will be readily recruited
to the activated CD137 receptor binding to the poly-acidic TRAF-
binding consensus regions located in CD137 cytosolic tail. As
stated above, the composition of the TRAF trimers that would
be recruited to the activated CD137 will likely depend on the
expression levels of the TRAF family proteins that interact
with CD137, which are TRAF1, TRAF2, and TRAF3. Since
TRAF1 and TRAF2 have been shown to be critical for CD137
activity it is likely that these two TRAF family members will
have a major role in building the CD137 signalosome. Wu and
coworkers (33) have shown that TRAF1 and TRAF2 can associate
in heterotrimers, but preferentially forming a trimer with a
TRAF1:(TRAF2); configuration. Therefore, a mix of TRAF1 and
TRAF2 homotrimers and TRAF1:(TRAF2), heterotrimers would
be recruited to the activated CD137 in a way that would depends
on their amounts and specific affinities to the TNFR.
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FIGURE 2 | Schematic representation of the distinct CD137 signalosomes that would be formed upon CD137 activation. This figure illustrates the distinct
signalosomes that could be formed in response to CD137 activation depending on the TRAF trimer configurations that get associated to the activated CD137.
(A) clAP1/2 bridging between 2 TRAF1(TRAF2), trimers. What other molecules, besides E2 proteins, would be specifically recruited to this configuration is yet
unknown. The binding of Lymphocyte specific protein-1 to the N-terminal region of TRAF1 is shown. (B) The formation of a dimer between the RING finger domains of
2 TRAF2 molecules from adjacent trimers will trigger K63 ubiquitination of TRAF2 and the subsequent recruitment and activation of the TAK1/TAB1/TAB2/TAB3
complex (TAB1 is not shown). K63-TAK1-mediated IKKB phosphorylation will activate the IKK complex activation initiating a signaling cascade that will result in
NF-kB1 and ERK activation. A20 might inhibit this signaling cascade by K48-ubiquitinating Ubc13 thus inhibiting TRAF2 E3 ubiquitin ligase activity. * A20 can form
dimers, but a sole A20 molecule is represented for clarity. (C) Hypothetical organization of a signalosome that includes a TRAF3:(TRAF2), trimer. The clAP1/2
molecules associated either to a TRAF2 homotrimer and the hypothetical TRAF3:(TRAF2), trimer will form a dimer by the interaction of their RING fingers domains
causing the activation of
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FIGURE 2 | the E3 ubiquitin ligase activity. Thus, the clAP1/2 dimer will K48-ubiquitinate TRAF3 and TRAF2 molecules targeting them for proteasome degradation
and effectively releasing NIK from its interaction with TRAF3, resulting in the activation of NF-kB2 as has been observed following CD137 stimulation. # The TRAF
region binding to NIK is still controversial, since reports indicating that is mediated by either the TRAF domain (56, 57) or the RING-zinc finger region (58, 59) are
available. (D) CYLD interacts with the same crevice in the TRAF domain that binds to CD137 cytosolic tail. CYLD might works as a gate keeper preventing
ligand-independent TRAF activation but it might also participate in the termination of CD137 signaling by outcompeting CD137 from binding to TRAF2 as shown in the
figure. Further explanation in the text. Protein structure coordinates were obtained from the PDB database and molecular graphics were performed with UCSF
Chimera (15). When this information was absent for a protein of interest, we modeled the proteins according to their domains using available structures of similar

domains to provide an approximate representation of the protein structure and size.

Since the five zinc fingers and the RING finger domains of
each TRAF2 molecule in the trimers will likely emanate from the
intertwining coils in opposite directions (28, 64) and the active
E3 ubiquitin ligase requires the formation of RING-finger dimers
(65), TRAF2-RING finger dimers will likely be formed by the
RING finger domains of two TRAF2 molecules from adjacent
trimers, similar to what has been described for TRAF6 (66)
(Figure 1). This inter-trimer bonding would help the clustering
and stabilization of the two-dimensional hexagonal lattice (28,
64). In this case, since TRAF1 lacks of a RING finger domain, the
presence of one TRAF1 molecule in a trimer would impede the
formation of one intertrimer bonding but would not have any
effect on the ability of the 2 TRAF2 molecules in the trimer to
establish these TRAF2-RING dimers with neighboring TRAF2-
containing trimers (Figure 1). The TRAF2-RINGs now in their
active dimeric form will bind SIP and Ubc proteins (Ubcl13
or UbcH5A) (Figure 2), getting ready to catalyze the K63-
ubiquitination of TRAF2 itself and other target proteins (50).
In addition TRAF2 trimers and TRAF1:(TRAF2), heterotrimers,
but not TRAF1 trimers, will recruit a single cIAP1/2 (33).
Indeed, cIAP1/2 will interact through its BIR1 domain (67)
with the TRAF trimers by asymmetrically engaging two cIAP-
interacting motifs in the coiled coil of two TRAF molecules in
the trimer (33, 42). Of note is that cIAP1/2 interaction with
the TRAF1:(TRAF2), heterotrimers is stronger than that with
TRAF2 trimers and, therefore, cIAP1/2 would preferentially
be bond to the TRAF1:(TRAF2), heterotrimers. Interestingly,
TRAF1 homotrimers have a cIAP2 dissociation constant two
orders of magnitude weaker than that of TRAF2 homotrimers,
effectively precluding the interaction of cIAP2 with TRAF1
homotrimers (33). The interaction of cIAP1/2 BIR1 domain
with TRAFs would release the cIAP-RING from its inhibitory
interaction with the cIAP-CARD domain (68), allowing the
formation of cIAP1/2-RING dimers and the binding of the E2
ubiquitin ligases. Since only one cIAP1/2 molecule associates
to a TRAF trimer, the cIAP1/2-RING dimer would have to be
formed by two cIAP1/2 molecules each one associated to adjacent
TRAF trimers in the hexagonal lattice (Figures 1, 2), thus further
bridging two neighbored activated TNFR complex. Altogether,
these results indicate that albeit the basic signaling brick in
CD137 (as well as of other TNFRs) would be a trimer, a trimer
alone will not be able to signal as it seems absolutely necessary
to establish inter-trimer bridging and multi-trimer clustering to
build a functional signalosome (Figures 1, 2).

In this regard, it is worth mentioning that since TRAF1
lacks RING finger domain and TRAF1 homotrimers cannot
recruit cIAP1/2 to the CD137 signalosome, CD137-associated

TRAF1 homotrimers would fail on bridging adjacent trimers
through the formation of RING-dimers, which might result
in the disruption of the hexagonal CD137 network and the
inhibition of the signaling. While this scenario might provide
a rationale for the TRAF1-mediated inhibitory effects on some
members of the TNFR family (43), many evidence support a
positive role for TRAF1 in CD137 signaling (37, 47-49, 69).
Therefore, other proteins interacting with TRAF1 might not only
provide new functionality to the signalosome but also might
contribute to the clustering of the activated CD137 receptors.
In this regard, it has been shown that recruitment to CD137
of leukocyte-specific protein-1, a protein involved in CD137-
mediated ERK activation, is mediated by its interaction with
TRAF1 (70) (Figure 2A). Furthermore, Watts and coworkers
(71) have shown that the TRAF-domain of TRAF1 directly
interacts with three components of the linear ubiquitination
(LUBAC) complex, SHARPIN, HOIP, and HOIL-1. In addition,
Greenfeld and coworkers (41) have shown that TRAF1 is a key
component of the Epstein-Barr virus Late Membrane Protein
(LMP)-1 signaling complex, a protein that mimics TNFRs and
uses TRAF proteins as scaffold (72). In this model, LMP1
promoted the association between TRAF1 and LUBAC and
stimulated the linear M1-linked poly-ubiquitination of TRAF1,
thus allowing TRAF1-mediated recruitment of the M1-ubiquitin
binding proteins IKKy and deubiquitinase (DUB) A20 (41) (see
below). TRAF2 was essential for both LUBAC interaction and
M1-polyubiquitination of TRAF1 (41), strongly suggesting the
participation of TRAF1:(TRAF2), heterotrimers in this activity.
In addition, binding of cIAP1 (73) and CYLD (74) to HOIP
has also been reported. Although there is no evidence to date
implicating LUBAC and M1-ubiquitination in the regulation of
CD137 signalosome, research on this issue is warranted.

Soon after ligand activation, the growing CD137 signalosome
gets decorated with K63-ubiquitinated proteins, mostly
composed by K63-TRAF2 (36). Polyubiquitin chains linking
the carboxyl terminus of ubiquitin molecules to the K63
of the next ubiquitin are well known as docking sites for
downstream signaling components, and are required for
building an effective signalosome (75-77). This is opposite to the
polyubiquitination at K48, which in most cases targets proteins
for proteosome-mediated degradation (77). TRAF2, associated
to Ubcl3 or UbcH5A, seems to be the main responsible of
its own K63-ubiquitination (50) although cIAP1/2 associated
to UbcH5A or Ubcl3 also can catalyze K63-ubiquitination
(78, 79). The next component of the CD137 signalosome getting
recruited by K63-polyubiquitinated TRAF2 is a kinase complex
composed by the transforming growth factor beta-activated
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kinase (TAK)-1 and TAK binding proteins (TAB)-1, 2 and 3 and
(Figure 2B). Once recruited, TAK1 will get K63-ubiquitinated
by TRAF2 (80). Taking lessons from the mechanism recently
described for TRAF6-mediated TAK1 activation (81), efficient
TRAF6-mediated TAK1 activation requires the synthesis of
long K63-polyubiquitin chains by TRAF6. These long Ké63-
polyubiquitin chains would have to be recognized by TAB2 and 3
(82) irrespective of whether they remain conjugated to TRAF6 or
been unanchored (81). Interestingly, A20 which is a component
of the CD137 signalosome (see below), effectively removes
long K63-linked polyubiquitin chains from TRAF6 without
disassembling the chains themselves (83). Once activated, TAK1
will phosphorylate the inhibitor of nuclear factor k-B kinase
(IKK)-p leading to the activation of canonical NF-kB (75) and
ERK1/2 (48). TAK1 will also induce the activation of mitogen
activated kinases kinases (MKK) MAP kinases, leading to
P38MAPK activation (84).

While ubiquitination is a chief mechanism controlling TRAF-
mediated CD137 signaling, the regulation of TRAF activity
by phosphorylation has also been described. In this regard,
it has been shown that TRAF2 phosphorylation at T117
by PKC promotes both K63-ubiquitination of TRAF2 and
the recruitment of the IKK complex to activated TNFRs
(85). Moreover, TRAF1 phosphorylation at S139 by TANK-
binding kinase inhibits NF-kB activation in response to CD137
engagement (86).

Besides the induction of the canonical NF-kB pathway
by CD137, the activation of the alternative NF-kB pathway
by this TNFR has also been reported (38). The molecular
mechanism controlling NF-kB2 is different to that controlling
the canonical NF-kB1 pathway. In non-activated cells, NF-
kB2 activation is prevented by continuous NF-kB-inducing
kinase (NIK) degradation by a complex formed by TRAF2/cIAP
and TRAF3/NIK. In non-activated cells, this complex works
promoting cIAP1/2 mediated K48-ubiquitination of NIK and its
subsequent proteasome-mediated degradation. However, upon
TNFR activation, binding of this complex to the receptor
results in cIAP-dependent degradation of TRAF3 (and often
also of TRAF2), releasing NIK and allowing pl00 processing
to the active p52 NF-kB subunit [reviewed in (87)]. Thus, the
induction of NF-kB2 by CD137 (38) implies that TRAF3 and
NIK would have to be recruited to the CD137 signalosome
(Figure 2C). In support of this event, it has been shown that
TRAF3 is degraded upon CD137 engagement (38). However,
it is still unclear whether TRAF2 and TRAF3 would be
recruited as homotrimers to adjacent CD137 trimers or as
TRAF2/TRAF3 heterotrimers to one ligand-activated CD137
trimer. In this regard, there is evidence suggesting the existence of
TRAF2/TRAF3 heterotrimers (88). In addition, it is noteworthy
that TRAF1 has been shown to directly interact with NIK,
suggesting that TRAF1:(TRAF2),-cIAP1/2 complexes can also
be a component of the E3 ubiquitin ligase complex for NIK
(33, 89). However, there are conflictive results on whether
TRAF]I is an activator or an inhibitor of the NF-kB2 pathway.
It has been proposed that the binding of TRAFI to NIK
causes the disruption of TRAF2:cIAP1/2 binding, resulting in
NIK stabilization and NF-kB2 activation (89). However, studies

on the role of TRAF1 in CD137-mediated NF-kB activation
show that in the absence of TRAF1, NF-kBl induction is
restricted while NF-kB2 induction proceeds more efficiently
(38). These results might indicate that the tighter association
of cIAP1/2 to the TRAFI1:(TRAF2), heterotrimers compared
to that of the TRAF2 homotrimers might restrict the ability
of cIAP1/2 to shift their targets from NIK to TRAF3. Besides,
it is also conceivable that an overabundance of TRAF1 might
interact with all available TRAF2 molecules, thus precluding the
formation of the TRAF2:TRAF3 heterotrimers. Interestingly, and
as described above, TRAF1 protects TRAF2 from degradation
(45, 46). Whether this protection could be caused by the inability
of cIAP1/2 in the TRAF1:(TRAF2), heterotrimers to K48-
ubiquitinate TRAF2 while it could do it as part of the TRAF2
homotrimers deserves further investigation.

Adding just another level of complexity to an already crowded
CD137 signalosome, we have recently observed the functional
association of K63-DUBs A20 and CYLD to the CDI137
signalosome. This interaction results in the downregulation of
CD137-elicited K63-ubiquitination and signaling toward NF-kB
activation in both primary T cells and transfected cell lines (90).
A20 was first described as an ubiquitin-editing enzyme (91). It
is composed of an N-terminal ovarian tumor (OTU) domain,
which would catalyze the removal of K63-ubiquitin chains from
target proteins, and a C-terminal zinc-finger domain region,
which endows this protein with E3 ubiquitin ligase activity able
to transfer K48-polyubiquitin chains to those target proteins,
thereby promoting its proteasome-mediated degradation (92).
However, recent evidence shows that A20 can efficiently remove
K48-linkages but is almost inactive toward K63-linkages, raising
questions on what is the actual mechanism by which A20
inhibits the NF-«kB pathway [reviewed in (93)]. Interestingly, A20
is also able to inhibit K63-ubiquitination by promoting K48-
ubiquitination and degradation of E2 ligases, such as Ubcl3
and UbcH5C, thus effectively inhibiting the E3 ligase activity
of TRAF2, cIAP1/2, and TRAF6 (94) (Figure 2B). In addition
A20 can also inhibit NF-kB by interacting with and sequestering
Nemo (IKKy), thus impeding IKKf activation without requiring
the DUB and E3-ubiquitin ligase activities of A20 (95-97).

CYLD is another member of the DUB family. It contains three
cytoskeletal-associated protein (CAP)-glycine conserved repeats
at the N-terminus and a DUB domain at its C-terminus. CYLD
has a TRAF-interacting motif and has been shown to interact
with TRAF2 and to catalyze the removal of TRAF2-linked K63-
ubiquitin chains, precluding IKK from being activated (98).
Interestingly, phosphorylation of CYLD by IKK inhibits its
DUB activity (99). This result opens the possibility that CYLD
might works as a gate keeper preventing ligand-independent
activation, and that once receptor signaling unlocks, CYLD
would be kept inactive by the active IKK complex. Since CYLD
has also been found associated to the CD137-signalosome (90),
this suggests that CYLD might also participate in the termination
of CD137 signaling by outcompeting CD137 from binding to
TRAF2 (Figure 2D). Altogether, these results underscore the
relevance of the ubiquitination and deubiquitination processes in
the regulation of CD137 signaling, evidencing that the balance
between K63- and K48-ubiquitination of key target proteins will
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determine the outcome of the response. A summary of the role of
TRAF1-3 in controlling CD137 signal transduction and function
is provided in Table 1.

Finally, we have observed that upon ligation with anti-
CD137 antibodies, CD137 signalosome becomes internalized
and is transferred to an endosomal compartment in a K63-
polyubiquitin-dependent manner (36). Nam and coworkers
(34) showed that CD137 engagement caused its redistribution
into lipid rafts, in a process that seems to be dependent on
TRAF2 binding to Caveolin (100) and Filamin A (101), which
are intrinsic components of the lipid rafts. Thus, the CD137
signalosome-containing endocyted vesicles might be caveolae
that later fuse with early endosomes (102), but this awaits
confirmation. Interestingly, So and Croft (103) have proposed
that TRAF2-dependent recruitment of activated CD137 into
lipid rafts might be behind the observed activation of PI3K-
AKT signaling pathway by CD137. Lipid rafts are membrane
microdomains that facilitate AKT recruitment and activation
upon phosphatidylinositol-3,4,5-triphosphate accumulation in
the plasma membrane (104). The mechanism involved in CD137-
mediated PI3K/AKT activation is still unknown, although its
relevance in promoting CD137-mediated T cell proliferation and
apoptosis protection seems well sustained (105-107). As there
is no evidence of a direct association of PI3K and/or AKT
to the CD137 signalosome, PI3K-AKT ought to be activated
by other signaling complexes, such as TCR/CD28, working
together with CD137 (105, 107). Since activated TCR/CD28
reside in the lipid rafts, these lipid structures might work as
multi-signaling hot-spots (103). Indeed, it would be plausible
that the ligand-activated CD137 hexagonal lattice keeps trapped
inside (in the center of the hexagons) TCR and CD28 complexes
that would move together with the activated CD137 trimers to
lipid-rafts, thus facilitating the response to antigen. However,
since CD137-mediated AKT activation is delayed compared
to that of ERK and NF-kB, taking hours instead of minutes
(107), efficient CD137-mediated triggering of PI3K/AKT activity
may require additional players (whose expression might even
be induced by CD137 engagement) and/or further signaling-
complexes compartmentalization to proceed.

Interestingly, we have observed that endocyted CDI137
signalosome-containing vesicles remain decorated with Ké3-
polyubiquitin chains, strongly suggesting that CD137 signaling
is still active during this process (36). However, it is expected
that the endosomes will later fuse with lysosomes to recycle
its content. Interestingly, it has been shown that A20 can
target TRAF2 to the lysosome for its degradation, which is
dependent on the membrane tethering activity of A20, but not of
its ubiquitin-modifying function (108). These CD137-mediated
endocytosis experiments (36) were performed with agonist
anti-CD137 mAbs and, therefore, it is yet to be determined
whether CD137 engagement with CD137L would also cause
the internalization of the complex, but it is likely that this will
actually occurs for various reasons. First, CD137 internalization
has been already observed in dendritic cells upon binding to
CD137L fusion proteins used to target antigens for vaccination
(109). Second, an accumulation of CD137 on the surface of
CD137L-deficient T cells has been observed, probably as a

result of the impossibility of CD137 to be internalized in the
absence of CD137L (110). Third, because many key molecules
in CD137 signaling, such as CD137, TRAF1, TRAF2 and
cIAP1/2 are readily transcriptionally activated by NF-kB and
AP1 transcription factors upon CD137 activation (111-114),
restocking these molecules and ensuring CTL responsiveness to
new CD137 costimulatory rounds. Finally, because it has been
recently described that tonic chimeric antigen receptor (CAR)-
derived CD137 signaling causes T cell toxicity by the continuous
TRAF2-mediated NF-kB activation and increased Fas-dependent
cell death (115). This result emphasizes the deleterious effects
that unrestricted CD137-signaling would have in the cells
and underscores the key role of the multiple mechanisms
controlling CD137 signaling described above, including CD137
internalization.

UNDERSTANDING CD137 SIGNALING TO
IMPROVE CD137-MEDIATED
IMMUNOTHERAPY

CD137 has become one of the most relevant molecular targets
in cancer immunotherapy for its ability to drive CTL and NK
cells anti-tumor responses. Humanized anti-CD137 mAbs
have entered the clinic (21). One of those (urelumab) showed
promising anti-tumor effects as a monotherapy treatment
in a phase I trial. Unfortunately, a follow-up Phase II trial
revealed severe liver toxicity in a significant number of patients
(10%) that resulted in two fatalities (116). Consequently, trials
with urelumab as a monotherapy were terminated (117). A
comprehensive safety analysis of patients treated with urelumab
confirmed a strong association between hepatitis and the
urelumab dose and resulted in dose reductions in subsequent
clinical trials (118). In this regard, ongoing clinical trials
with urelumab and other anti-human CD137 mAbs used in
combinatory therapies are underway. Alternative approaches
are needed to circumvent the off-target toxicity associated to
these treatments while preserving their efficacy, for instance,
by targeting these agonist antibodies or the natural ligand
to surface molecules expressed on cells present in the tumor
microenvironment (21). Another important strategy to improve
anti-CD137 mAb anti-tumor activity, while limiting its side
effects, would be boosting CD137-mediated signal transduction.
Many aspects of CD137 signaling might be of interest for drug
development, including interfering with negative regulators
of CDI137 signaling, promoting optimal complex/scaffold
formation, and keeping signaling-CD137 endosomes from
lysosome degradation, among others. These approaches have
been neglected so far due to our limited understanding of the
different mechanisms controlling CD137 signal transduction, a
limitation that could also be extended to other members of the
TNEFR family.

These limitations would also apply to the usage of CD137
signaling for enhancing chimeric antigen receptor (CAR) T cell
effectiveness. In this regard, transducing T cells with a CAR-
construct containing the CD137 cytosolic tail together with the
CAR-CD3¢ proved to be effective in increasing CTL cell survival,
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TABLE 1 | Role of TRAF1,2 and 3 in CD137-mediated signaling.

TRAF1 TRAF2 TRAF3
TRAF heterotrimers TRAF2 (33) TRAF1 (33) TRAF2 (suspected)
TRAF3 (suspected)
Ubiquitin ligase activity no K63 (49-52) unknown
K48 (53, 54)
Substrates no TRAF2 (50) unknown
TAK1 (80)
Binding partners clAP1/2 (33) clAP1/2 (33) NIK (87)
LSP-1 (70) ubcl3 (50)
NIK (383, 89) CYLD (98)
LUBAC (undetermined)
Functional data e CD137-mediated survival of memory T e CD137-mediated costimulatory e Required for activity of CD137-based
cells (49). signaling in T cells (32) chimeric antigen receptors (CARs) (39)
e CD137-mediated antivirus responses e CD137-mediated tumor rejection in
(37, 49) xenograft mice (36).
* Required for activity of CD137-based * Required for activity of CD137-based

chimeric antigen receptors (CARs) (39)

chimeric antigen receptors (CARs) (39).

The table summarizes the known function and binding partners of these TRAF proteins in the regulation of CD137 activity,as well as the available in vivo or ex vivo T cells functional data.

"not demonstrated in CD137 signaling.

targeting of CTLs to the tumor and boosting anti-tumor activities
(119). Remarkably, it has been recently demonstrated the clinical
effectiveness of this therapy in the treatment of relapsed or
refractory B-cell acute lymphoblastic leukemia (120, 121).

In the case of CD137 containing CARs, recent evidence shows
that the activity of CD19-targeted CAR T cells with a CD137
endodomain is dependent on TRAFI, 2 and 3 and also on NF-
kB activation (39). However, little is known on whether the
molecular mechanisms controlling the extent of the response
are similar to those of native CD137. In this regard, and as
stated above, tonic chimeric antigen receptor (CAR)-derived
CD137 signaling has been shown to cause T cell toxicity by
the continuous TRAF2-mediated NF-kB activation and increased
Fas-dependent cell death (115), thus highlighting the need of a
better understanding of the molecular mechanisms controlling
CD137 signaling. Moreover, the development of CAR T cells with
CD137 intracellular tail acting in tandem with the cytoplasmic
domain of CD3 ¢ may promote a signaling crosstalk between
these 2 pathways. Interestingly, and as discussed above, this
crosstalking between CD137 and the TCR might be happening
at certain extent in normal CD137-signaling (103). In any event,
the CD137 component in the CAR T therapy is key to ensure
the functional persistence and survival of the transduced T cells
(119, 120) a feature ultimately needed for clinical efficacy, but also
keeping in mind that unrestrained CD137 activity might also be
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There is growing evidence that tumor necrosis factor (TNF) receptor-associated factors
(TRAFs) bind to unconventional membrane-bound receptors in many cell types and
control their key signaling activity, in both positive and negative ways. TRAFs function
in a variety of biological processes in health and disease, and dysregulation of TRAF
expression or activity often leads to a patho-physiological outcome. We have identified
a novel attribute of TRAF2 and TRAF5 in interleukin-6 (IL-6) receptor signaling in
CD4™ T cells. TRAF2 and TRAF5 are highly expressed by naive CD4* T cells and
constitutively bind to the signal-transducing receptor common chain gp130 via the
C-terminal TRAF domain. The binding between TRAF and gp130 limits the early signaling
activity of the IL-6 receptor complex by preventing proximal interaction of Janus kinases
(JAKs) associated with gp130. In this reason, TRAF2 and TRAF5 in naive CD4+ T
cells negatively regulate IL-6-mediated activation of signal transducer and activator of
transcription 3 (STAT3) that is required for the development of IL-17-secreting CD4*
TH17 cells. Indeed, Traf2-knockdown in differentiating Traf5—/— CD4* T cells strongly
promotes Ty17 development. Traf5~/~ donor CD4* T cells exacerbate the development
of neuroinflammation in experimental autoimmune encephalomyelitis (EAE) in wild-type
recipient mice. In this review, we summarize the current understanding of the role for
TRAF2 and TRAF5 in the regulation of IL-6-driven differentiation of pro-inflammatory
CD4* T cells, especially focusing on the molecular mechanism by which TRAF2 and
TRAF5 inhibit the JAK-STAT pathway that is initiated in the IL-6 receptor signaling
complex.

Keywords: TRAF5, TRAF2, IL-6, T 17, autoimmunity, inflammation

INTRODUCTION

The tumor necrosis factor receptor-associated factor (TRAF) family molecules in mammals were
initially discovered as cytoplasmic adaptor proteins interacting with one of the tumor necrosis
factor receptor superfamily (TNFRSF) molecules, TNFR2 (1). TRAF molecules are also present
in Caenorhabditis elegans and Drosophila melanogaster (2-4). There are six mammalian TRAF
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TRAF Control of T417

molecules, TRAF1 to TRAF6, which share a conserved
C-terminal TRAF-C domain that accommodates a short
stretch of amino acids found in the cytoplasmic tail of
receptors. Mammalian TRAFs critically participate in the signal
transduction by receptors, such as TNFRSF molecules, Toll-like
receptors (TLRs), nucleotide binding-oligomerization domain
(NOD)-like receptors (NLRs), retinoic acid-inducible gene
(RIG)-I-like receptors (RLRs), interleukin receptors, interferon
receptors, transforming growth factor-f (TGF-B) receptor, the
T-cell receptor (TCR) and platelet receptors. TRAFs link these
receptors to various signaling cascades that are important in
health and disease (3, 5-12).

One of the TRAF family molecules, TRAF5, is highly
expressed in lung and moderately expressed in thymus, spleen,
and kidney (13). In contrast to mice deficient in Traf2, Traf3,
or Traf6, which become runted and die prematurely, Traf5~/~
mice are born at the expected Mendelian ratios and exhibit
no obvious abnormalities (14). One important question to be
resolved is how TRAFS5 specifically regulates cellular responses
that are different and separate from those regulated by other
TRAF family molecules.

Upon antigen exposure, naive CD4™" T cells differentiate into
different effector CD4™" helper T cell (T cell) subsets that control
the functions of B cells, macrophages, and CD8™ cytotoxic T cells
through cell-to-cell contact and/or by secreting specific effector
cytokines. There is growing evidence that TRAFs recruited to the
TCR, costimulatory TNFRSF molecules, and cytokine receptors
control key signaling events in CD4™" T cells and are critical for
the activation, differentiation, and survival of Ty cells in both
positive and negative manners (11).

Although it has been well recognized that TRAF molecules
play essential roles in T cell biology, the detailed functions and
their molecular mechanisms of action are still enigmatic. In
this review, we will highlight a novel function of TRAF2 and
TRAFS5 in the regulation of CD4" Ty 17 cell differentiation that
is controlled by pro-inflammatory cytokine IL-6 and its receptor
signaling complex.

TRAF2 AND TRAF5 IN IL-6 RECEPTOR
SIGNALING AND TH17 DEVELOPMENT

The regulation of IL-6 receptor signaling by TRAF molecules
was initially suggested by the observation that after culturing in
IL-6-containing Ty 17 skewing condition in vitro, differentiating
CD4" T cells lacking Traf5 produced a higher amount of
IL-17 than did wild-type counterparts. However, Traf5-
deficiency had no significant role for the development of
Tul, Tu2, Tul7, Treg cells in polarized in vitro cultures.
Accordingly, Traf5~/~ mice exhibited exacerbated Tg17 cell-
dependent neuroinflammation in a model of experimental
autoimmune encephalomyelitis (EAE). The enhanced EAE
phenotype was recapitulated in irradiated wild-type mice
that had been transferred with Traf5~/~ CD4t T cells,
demonstrating that TRAF5 expressed in CD4T T cells
negatively regulates the generation of pathogenic Tyl7
cells (15). These results strongly suggested that TRAF5

regulated IL-6 receptor signaling that is required for Tyl17
differentiation.

Indeed, Trafs5~/~ naive CD4% T cells stimulated with
a complex of IL-6 and soluble IL-6R (IL-6-sIL-6R)
without triggering of TCR and CD28 exhibited increased
phosphorylation of JAKI and STAT3. In addition, the
retrovirally transduced Traf5 gene in CD4™ T cells suppressed
the phosphorylation of STAT3 mediated by IL-6-sIL-6R (16, 17).
The negative regulatory function of TRAF5 for STAT3 was also
observed in primary CD8" T cells, but not in macrophages.
One of the possible reasons would be that the expression of
Traf5 mRNA was almost five times lower in macrophages than
in CD4" and CD8™ T cells (15). These results strongly suggest
that if a cell expresses substantial levels of endogenous TRAF5
and gp130, TRAF5 can repress IL-6 receptor signaling activity
in this cell type. Importantly, TRAF5 exhibited no inhibitory
role for the STAT3 phosphorylation mediated by signaling
through IL-10 receptor or IL-21 receptor in CD4T T cells,
demonstrating the specific action of TRAF5 for IL-6 receptor
signaling (15).

By using a BAF/B03 cell line that stably expresses gp130 (BAF-
gp130), we examined the role for TRAF family molecules in IL-
6 receptor signaling and found that not only TRAF5 but also
TRAF2 inhibited STAT3 phosphorylation and cell proliferation
mediated by IL-6-sIL-6R, while TRAF1, TRAF3, TRAF4, and
TRAF6 did not. In accordance with this, TRAF2 displayed a
similar activity as TRAF5 in terms of the regulation of IL-6
receptor signaling and Ty 17 development, which was confirmed
by shRNA-mediated knockdown and overexpression of each Traf
gene in differentiating wild-type CD4™ T cells. TRAF2 did not
inhibit the STAT3 phosphorylation downstream of IL-21 receptor
in CD4™ T cells (16), confirming the specificity of TRAF2 to the
IL-6 receptor signaling. Thus, we concluded that both TRAF2
and TRAF5 work as negative regulators of the IL-6 receptor
signaling pathway.

NF-«xB-inducing kinase (NIK) 1is critical for Tyl7
development, and both TRAF2 and TRAF3 limit NIK activity
through ubiquitin-dependent degradation (18-21). In this
reason, it was possible that TRAF2 and TRAF3 might inhibit
Ty17 development via degradation of NIK. However, increasing
or decreasing the expression of TRAF3 did not affect the
sensitivity of the IL-6 receptor signaling and the development of
Ty17 cells (16). In addition, it is unclear how TRAF2 regulates
the differentiation of naive CD4" T cells into Ty17 cells (20).
Thus, we concluded that TRAF2 regulation of NIK expression
levels is not the mechanism to limit the development of Ty17
cells.

Although naive CD4" T cells from Traf5~/~ and wild-
type mice produced equivalent amounts of IL-6 in response
to antigen stimulation (15), Traf2~/~ macrophages and
Traf5~/~ B cells produced more IL-6 in response to TLR
stimulation (22, 23). Traf2~/~ Tnfa™/~ mice displayed an
inflammatory disorder and had elevated levels of IL-6 in
serum (20). Thus, TRAF2 and TRAF5 might contribute to the
development of Ty17 cells in vivo via negative regulation of IL-6
production.
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FIGURE 1 | Regulation of IL-6 receptor signaling sensitivity by TRAF2 and TRAF5 in CD4™ T cells. Naive CD4* T cells highly express gp130, IL-6R, TRAF2, and
TRAF5. Naive CD41 T cells can react to extracellular IL-6, but the signaling via the IL-6 receptor, IL-6R and gp130, is restrained by gp130-associated TRAF2 and
TRAF5. After T cell activation by TCR and CD28, TRAF5 protein is rapidly downregulated (red line 1), while TRAF2 protein is maintained. Hence, TRAF5 limits the early
IL-6 receptor signaling that is important for T 17 development. In contrast, TRAF2 can inhibit the signaling activity of the IL-6 receptor complex even in the later phase
of Ty17 differentiation. Moreover, the TCR and CD28 signaling also suppresses the expression of both gp130 and IL-6R (red line 2), and these receptor proteins are
almost disappeared from the T cell surface within a few days after T cell activation. Therefore, activated CD4 T cells lose their responsiveness to IL-6 and cannot

INHIBITORY ROLE FOR TRAF2 AND TRAF5
IN THE INITIAL STAGE OF Ty17
DEVELOPMENT

While TRAF2 and TRAF5 seemed to exhibit a similar role for the
IL-6 receptor signaling pathway, detailed analyses revealed that
the inhibition kinetic of TRAF2 for the IL-6 receptor signaling
was different from that of TRAF5 due to different expression
kinetics of respective TRAF proteins in developing CD4™ T cells.
TRAF5 was higly expressed by unactivated naive CD4™ T cells,
and Traf5 mRNA and TRAF5 protein were rapidly disappeared
within a few hours upon TCR triggering (16). This means that
there is only a narrow window of time for the inhibition for
IL-6 receptor signaling by TRAF5 in differentiating CD4™ T
cells. In contrast to this, Traf2 mRNA and TRAF2 protein were
stably detected during the course of CD4" T cell development,
implying that TRAF2 can continuously suppress IL-6 receptor
signaling as long as both gp130 and IL-6R are expressed in
differentiating CD4™" T cells. In comparison with the regulation

of Traf2 and Traf5 mRNAs, the expression of Trafl, Traf3, Traf4,
and Traf6 mRNAs in CD41 T cells were oppositely regulated,
and these mRNAs were rapidly upregulated after stimulation
with TCR and CD28, demonstrating that the expression of
respective TRAF molecules is differentially controlled in recently
activated naive CD4" T cells. In addition to this regulatory
mechanism of TRAF molecules, after triggering of TCR and
CD28, gp130 and IL-6R expressed by naive CD4™" T cells were
downregulated in a time-dependent manner, and these molecules
were hardly detected on the surface of activated CD4™ T cells
at 48 h after activation. In agreement with these results, addition
of IL-6-sIL-6R at later time points of Ty differentiation could
not effectively promote the development of Ty17 cells, and
retrovirus-mediated transduction of short hairpin RNA (shRNA)
that targets Traf5 in differentiating wild-type CD4T T cells
could not enhance the production of IL-17. On the other hand,
shRNA-mediated knockdown of Traf2 in differentiating CD4™
T cells further promoted the development of Ty 17 cells in both
wild-type and Tmf5’/ ~ conditons (16). Thus, it is reasonable
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FIGURE 2 | The IL-6 receptor signaling pathway that is regulated by TRAF2 and TRAFS. (A,B) Upon interaction of IL-6 with the IL-6R, the complex of IL-6 and IL-6R
next binds to the IL-6 receptor common chain gp130, which leads to dimerization of gp130. Janus kinase (JAK) is constitutively bound to the intracellular domains of
gp130, and thus this event brings JAKs into close proximity, inducing transphosphorylation of each JAK on a tyrosine residue, indicated in red circle, that stimulates
kinase activity of JAKs. The activated JAKs then phosphorylate the cytoplasmic tail of gp130 on specific tyrosine residues, generating binding sites for signal
transducer and activator of transcription (STAT) including STAT3. Recruitment of a STAT3 to the phosphorylated gp130 brings the STAT3 close to the activated JAK,
which then the activated JAK phosphorylates a tyrosine residue of the STAT3. Phosphorylated STAT3 molecules form a dimer, and STAT3 dimers translocate to the
nucleus, then induce the gene transcription involved in Ty 17 differentiation, including RAR-related orphan receptor-yt (RORyt) and IL-17. TRAF2 and TRAF5
constitutively bind to a cytoplasmic region of the gp130, which includes an amino acid sequence 774FSRSESTQPLLDSEERPEDLQLYD"98 and locates between first
two out of four distal phosphorylated tyrosine motifs in gp130, Y765, Y812, Y904, and Y914, that are recognized by STAT3. For this reason, JAK interactions are
interrupted by the presence of TRAF2 and/or TRAF5, and this event causes a weaker interaction/activation of JAKs and subsequent attenuated responses in the IL-6
receptor signaling pathway (A). On the other hand, in the absence of TRAF2 and/or TRAF5, a stronger association of JAKs facilitates an augmented JAK activation

that leads to the enhanced STAT3 responses in the IL-6 receptor signaling pathway (B).

to conclude that the instructive signals from IL-6 receptor for
Tu17 development are restricted both by the negative action of
TRAF2 and TRAF5 and by the expression levels of gp130, IL-
6R and TRAF5 (Figure 1). The expression of TRAF5 protein can
be regulated by the ubiquitin proteasome system (21, 24, 25),
although it is not known whether this type of regulation of
TRAF5 is ongoing in activated naive CD4™" T cells.

A MOLECULAR MECHANISM OF IL-6
RECEPTOR SIGNALING THAT IS
REGULATED BY TRAF2 AND TRAF5

Naive Traf5~/~ CD4* T cells expressed the same level of IL-6R
and gp130 as wild-type naive CD4™ T cells did, and the TRAF5
expression did not affect the STAT3 activation downstream of

IL-10 receptor or IL-21 receptor in CD4™" T cells (15). Thus,
we thought that TRAF5 directly regulated a key signaling
process in the IL-6 receptor complex. Indeed, endogenously
expressed TRAF5 constitutively bound to a cytoplasmic region of
gp130 in primary CD4" T cells. Co-immunoprecipitation assay
using mutant proteins of TRAF5 and gp130 revealed that TRAF5
required its carboxy-terminal TRAF-C domain but not its amino-
terminal RING/zinc-finger domains to interact with gp130 and
that the TRAF5-C domain associated with a cytoplasmic region
from residue 774 to residue 798 of gp130, gpl130 (774-798),
774V7al-Phe-Ser- Arg-Ser-Glu-Ser-Thr-Gln-Pro-Leu-Leu- Asp-
Ser-Glu-Glu-Arg-Pro-Glu-Asp-Leu-Gln-Leu-Val-Asp”®, which
contains recognition elements for the TRAF-C domain (26-28).
Similarly, TRAF2 bound to the same region in gp130 via the
TRAF2-C domain. This cytoplasmic region of gp130 is highly
conserved across various species including human (15, 16).
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How do TRAF2 and TRAF5 negatively regulate IL-6 receptor
signaling? Although the expression of TRAF5 did not inhibit
the interaction between JAK1 and gp130, TRAF5 repressed the
phosphorylation of JAK1, gp130, and STAT3 mediated by IL-
6-sIL-6R. Therefore, it was hypothesized that TRAF5 limits the
proximal interaction of JAK proteins and resulting their auto-
phosphorylation by disturbing the optimal dimerization of gp130
upon interaction with IL-6 and IL-6R. By employing luciferase
fragment complementation system using fusion proteins of JAK1
with either the N-terminal or the C terminal protein fragment
of firefly luciferase, it was revealed that TRAF2 or TRAF5
suppressed JAK1-JAK1 interactions occurring after ligation of
gp130 with IL-6-sIL-6R. Importantly, the JAK1-JAK1 interaction
was intact in a mutant of gp130 (A774-798), which lacks the
binding site for TRAF2 and TRAF5, even in the presence of
TRAF2 or TRAF5. In addition, it was notable that RING and
Zn finger domains of TRAF2 and TRAF5 are dispensable but
TRAF-C domain is essential to suppress JAK1-JAK1 interactions
to limit IL-6 receptor signaling (15, 17). This demonstrates that
TRAF2 and TRAF5 require both TRAF-C domain and TRAF-
binding region in gp130 to inhibit JAK1-JAK1 interactions and
the following molecular events in the IL-6 receptor signaling
pathway. Moreover, the expression of a peptide fragment of
gp130 (769-800) fused with GFP in wild-type CD4" T cells
promoted the Tyl7 development (15), indicating that the
peptide fragment of gp130 competitively inhibits the endogenous
interaction between TRAFs and gp130. All of these data support
the idea that TRAF2 and TRAF5 associated with gp130 via
TRAF-C domains negatively regulate the JAK activation in the
IL-6 receptor signaling complex that plays an essential role in
initiating the JAK-STAT signaling pathway (Figure 2).

There has been some unsolved issues and controversy about
the mechanisms regarding regulation of the IL-6 receptor
signaling and the Ty17 development mediated by TRAF2 and
TRAFS5. Firstly, when CD4™ T cells were stimulated with IL-6-
sIL-6R instead of IL-6 alone, TRAF2 and TRAFS5 could efficiently
inhibit the IL-6 receptor signaling activity (15, 16). IL-6 trans
signaling is activated via membrane-bound gp130 that interacts
with a complex of sIL-6R and IL-6. IL-6 trans signaling or IL-6
cluster signaling plays a dominant role for priming pathogenic
Tu17 cells (29, 30). This suggests that TRAF2 and TRAF5 may
preferentially restrain IL-6 trans signaling activity. Secondly, the
identified TRAF-binding region in gp130 is located between
first two phosphorylated-tyrosine (p-Tyr) motifs in gp130, and
thus it is possible that TRAF2 and TRAF5 may inhibit the
binding of STAT3 to these p-Tyr motifs via making steric
hindrance in gp130 (15, 16). Thirdly, it is not clear how gp130-
associated TRAF proteins inhibit the proximal JAK interaction
in the receptor complex. The binding between gp130 and JAK1
occurred independently of the interaction between gp130 and
TRAF5 (17). TRAFs may restrain the formation of gp130 dimer
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