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Abstract

The TNFR superfamily of receptors, the major focus of the recent TNFR Superfamily Conference
held in June 2019, employ the TRAF family of adaptor proteins in key aspects of their signaling
pathways. While many early studies investigated TRAF functions via exogenous overexpression in
non-hematopoietic cell lines, it has subsequently become clear that although TRAFs share some
overlap in function, each also plays unique biological roles, that can be highly context-dependent.
This brief review summarizes the current state of knowledge of functions of each of the TRAF
molecules that mediate important functions in T lymphocytes: TRAFs 1, 2, 3, 5 and 6. Due to our
current appreciation of the contextual nature of TRAF function, our focus is upon findings made
specifically in T lymphocytes. Key T cell functions for each TRAF are detailed, as well as future
knowledge gaps of interest and importance.

Summary sentence:

Review of the multiple roles played by members of the TRAF family in the biology and functions
of T lymphocytes.
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INTRODUCTION

Members of the tumor necrosis factor receptor-associated factor (TRAF) family of adapter
molecules were initially identified via their association with members of the TNFR
superfamily of receptors [1]. Over the past approximately 25 years, their roles in multiple
cell types are now appreciated to include many additional types of receptors, as well as non-
receptor-mediated signaling pathways, in both the cell cytoplasm and nucleus. Many early
studies of TRAF functions employed the technical approach of exogenous over-expression
of TRAFs and proposed binding partners in easily-transfected transformed cell lines, of
epithelial and/or fibroblastic origin. However, interpretation of such studies is complicated
by several caveats. TRAFs 1, 2, 3 and 5 all bind a canonical overlapping recognition motif in
the cytoplasmic domains of multiple TNFR superfamily receptors [2]. Thus, altering the
relative amounts of any one TRAF necessarily impacts all the others in this group, so results
attributed directly to the overexpressed TRAF may be due at least in part to consequent
alterations in association of other TRAFs. While this is primarily a concern in TRAF
overexpression studies using epithelial cell lines, it is possible that levels of expression of a
given TRAF could alter the endogenous expression and/or receptor association of other
TRAFs in various cell types of interest. Similarly, TRAFs can form heterotrimers and
higher-order multimers with TRAFs of a different type [3], another complicating issue.
Finally, it is now known that a given TRAF may have very distinct — even contrasting — roles
when expressed at normal levels in different cell types [4], so extrapolating TRAF function
from one cell type to another is inadvisable. For these reasons, in this brief review we will
confine our discussion to results obtained in the cell type of focus, T lymphocytes.

When studies of TRAF function first began to move beyond transfected epithelial and
fibroblast cell lines, initial work often focused upon B lymphocytes. These cells abundantly
express the TNFR superfamily member CD40, and this receptor was the source of
identification of several of the TRAF family of molecules with which it associates (CD40
binds TRAFs 1, 2, 3, 5, and 6) [5]. TRAF3 is also an important tumor suppressor
specifically in B cells, [6]. Subsequently, TRAF6 was discovered to be an important
participant in signaling by the Toll-like-receptor (TLR) family of innate immune receptors,
most often studied in myeloid cells, and it was found that TRAF3 is also an important
regulator of TLR signals in several cell types [7].

Studies of TRAF roles and functions in T lymphocytes have to date been much less frequent.
The first two TRAFs identified, TRAFs 1 and 2, were found via their association with
TNFR1 & 2 (aka CD120a and b) [1]. Paradoxically, while T cells express these receptors, all
initial studies of TRAF1/2 regulation of TNFRs were conducted in non-T cells, most by
over-expression in HEK293T adenovirally-transformed kidney epithelial cells. In fact,
studies of endogenous TRAF1 and 2 functions in TNF signaling to normal T cells are still
needed. However, over the past several decades, several labs have reported physiologically
important roles for each of the endogenous lymphocyte-expressed TRAF molecules TRAFs
1,2,3,5and 6, in T lymphocytes. These roles are quite varied in regards to T cell subtypes,
the TRAF-associating receptors involved, and the TRAF-mediated functions and signaling
pathways impacted. Here, we summarize the current status of these studies and important
future questions to be addressed.
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TRAFL1 is an atypical member of the TRAF family, as it lacks a RING domain and has a
single zinc finger (Figure 1). Although many early studies of TRAF1 were conducted in
epithelial or fibroblast cell lines, its physiologic expression is restricted to spleen, lung, and
testis, particularly to immune cells (reviewed in [8]). The first report to focus upon TRAF1
specifically in T cells studied a mouse strain in which transgenic TRAF1 expression is
driven by an H-2K promoter. T cell proliferation and /n vitro cytotoxic T lymphocyte (CTL)
responses are not impacted by this whole-mouse constitutive TRAF1 over-expression, but a
decrease in TCR-mediated apoptosis and peptide-induced tolerance is observed [9]. The
authors attribute these findings to regulation of CD120b/TNFR2 signaling, but this signaling
pathway was not investigated. In contrast, when TRAF1 is deleted from the whole mouse, an
increase is seen in T cell proliferation in response to agonistic Abs to CD3 and CD28 [10]. T
cells stimulated with anti-CD3 Ab and TNF /n vitro display enhanced IxBa phosphorylation
and binding to an NF-xB probe in electrophoretic mobility shift assays, as well as c-Jun
kinase (JNK) phosphorylation and AP-1 activation [10].

This same strain of TRAF1~/~ mice was subsequently examined for their response to
infection with influenza virus. Peptide-binding antigen-specific CD8 T cells from these mice
are decreased in frequency in lungs and draining lymph nodes after a secondary antigen
challenge. Interestingly, a normal frequency of interferon (IFN)y* CD8 T cells is seen
during both 19 and 29 responses, and direct /n vitro cytotoxicity towards target cells is also
normal [11]. This report showed for the first time that TRAF1-deficient CD8 T cells have an
increase in the pro-apoptotic protein Bim, and transduction of the cells with Bim siRNA
rescues the phenotype of decreased T cell recovery [11]. This TRAF1-Bim regulatory
association was further explored in CD8 T cells from chronically-infected HIV patients, and
the TNFR superfamily member 4-1BB was introduced to the developing story. Stimulation
of these T cells /n vitro with 4-1BB ligand plus agonists to CD80 or CD70 expands CD8
effector T cells of these patients; 4-1BB engagement decreases both Bim and TRAF1 [12].
A return to this theme several years later demonstrated increased TRAF1 in CD8 T cells of
so-called HIV ‘controllers’, whose infection does not apparently progress, and this is
mirrored by levels of TRAF1 in CD8 T cells from mice acutely vs. chronically infected with
a model virus [13]. Thus, TRAF1 appears to play an important role in promoting CD8
effector T cell maintenance in the setting of chronic viral infection.

There has been a strong focus upon the role of TRAFL in T cell 4-1BB function in recent
years. The evidence that TRAF1 serves to maintain CD8 effector T cells is reinforced by a
new study in the mouse influenza virus model. This demonstrates an important, TRAF1-
dependent role for 4-1BB in resident memory T cell formation, via promotion of lung CD8
T effector cell survival [14]. This role is also proving useful in the setting of therapeutic T
cells with chimeric antigen receptors, (CARS) that contain an antigen-binding external
domain fused to transmembrane and cytoplasmic domains of various costimulatory
molecules. It appears that CAR T cells containing a 4-1BB domain show greater survival
than those with a CD28 costimulatory domain; this 4-1BB function requires binding of the
cytoplasmic domain by TRAFs 1, 2 and 3, and involves NF-xB activation [15].
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It is clear from the summary above that TRAF1 is important to normal T cell functions, but
the mechanisms by which it does so are only partially understood. Although early studies
focused upon potential roles played by TRAF1 in CD120b/TNFR2 function, the mechanistic
role of TRAF1 in signaling by this receptor in T cells has not been reported. In B cells, it
was shown that TRAF1 inhibits CD40-mediated TRAF2 degradation to promote JNK and
NF-xB activation [16], but whether this occurs for any TNFR superfamily members in T
cells is unknown. Stimulation of primary mouse CD8 T cells via the TCR and 4-1BB
activates the NF-xB1 pathway, and this is abrogated in TRAF1~/~ T cells [17]. However,
these T cells display enhanced NF-xB2 activation, implying contrasting roles for TRAF1 in
the two pathways [17]. Sabbagh et al. performed proteomic analysis to identify proteins
associating with both the 4-1BB cytoplasmic domain and TRAF1 in mouse CD8 T cells,
and found a protein called leukocyte-specific protein 1 (LSP1) that fits this profile. The
TRAF1-LSP1 complex is required for 4-1BB-mediated ERK activation, Bim
downregulation, and CD8 T cell expansion mediated by CD3 + 4-1BB signals [18]. Further
investigation of the mechanisms by which TRAF1 regulates the functions of multiple T cell
subsets, as well as multiple TNFR superfamily members, will be valuable for a more
comprehensive understanding of TRAF1 roles in T cells.

TRAF2 has a typical TRAF structure (Figure 1), including a RING domain that when
deleted, creates a dominant negative form (TRAF2.DN) that interferes with downstream
signaling [19]. TRAF2 was first identified as a component of TNFR1/CD120a and TNFR2/
CD120b signaling complexes, and thus has been widely studied in the context of cell death
pathways. Early experiments with purified proteins /n vitroand in transfected HEK293 cells
demonstrated that TRAF2 also associates, via the TRAF-C domain, with non-death domain-
containing TNFR-SF members expressed by T cells, such as CD27, CD30, 4-1BB, and
0X40 [19-22].

The bulk of the current knowledge of the role of TRAF2 in T cells is derived from the study
of mouse models in which TRAF2 has been globally deleted, or TRAF2.DN has been
overexpressed globally or specifically in the lymphocyte compartment [19, 23, 24]. Global
TRAF2 deficiency (TRAF27/7) leads to early lethality due to runting and an inflammatory
phenotype characterized by high serum TNFa [23]. Survival can be improved by crossing
these mice to TNFa ™~ mice or deleting a single allele of the NF-xB inducing kinase (NIK),
though it should be noted that TRAF2~/~TNFa ™~ mice have elevated serum cytokines and
develop a progressive inflammatory disease [23-25]. Analysis of thymocytes from
TRAF27/~ animals, which have extensive lymphopenia, revealed that thymocyte
development is normal, but thymocyte numbers are reduced due to increased sensitivity to
TNFa-induced cell death mediated by TNFR1 [23]. Generation of the TRAF2.DN mouse,
which lacks functional TRAF2, but does not have the survival defect observed in TRAF27/~
mice, revealed that total T cell numbers are normal, a finding that is corroborated by T cell-
specific TRAF2 knockout mouse models [19, 26, 27].

While TRAF2 deficiency has minimal impact on total T cell numbers and survival, there is
abundant evidence to support a negative impact of TRAF2 loss upon T cell effector
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functions and the balance of T cell subsets. T cells from TRAF2.DN mice, TRAF2/"TNFa
~I~ mice, and T- 77afZ”/~ mice are less responsive to expansion mediated through CD3 and
CD28 than their wildtype counterparts [19, 24, 27]. Interestingly, TRAF2.DN T cells are
hyperresponsive to stimulation by anti-CD3 Ab alone, and stimulation with soluble 4-1BB
ligand dampens this response [20]. Defects in proliferation and production of IL-2, IL-4, and
IFNy become evident upon stimulation of TRAF2.DN T cells specifically through 4-1BB or
0OX40, in mixed leukocyte reactions, and with specific antigens in transgenic and allograft
experimental models [20-22].These findings indicate that TRAF2 is important for the
generation of effector T cell responses following costimulatory events.

In addition to primary T cell responses, the development of T cell memory is impaired in the
absence of functional TRAF2 [22]. Adoptive transfer of OVA-specific transgenic
TRAF2.DN T cells into recipient mice, followed by immunization with OVA and agonistic
Ab to OX40, fails to generate a robust memory T cell population. The authors speculated
that long term memory T cell survival is dependent upon TRAF2, but did not identify the
required signals [22]. A T- 77afZ”/~ mouse model, generated by crossing the 7rafZlox/flox
mouse to the LckC™ mouse, provided some insight into the observed defect in T memory
cell formation, and revealed that T cell-specific deletion of TRAF2 results in constitutive
NF-xB2 activation. T- 77af2”/~ mice have normal numbers of splenic CD4 T cells. However,
they have a 50% reduction in splenic CD8 T cells that is not due to reduced thymic
cellularity nor decreased T cell proliferation [27]. CD44!°CD62LN (naive) CD8 T cells are
reduced by 50%, CD44+*CD62L!° (effector memory) CD8 T cells by 40%, and, most
strikingly, CD4NCD62LN (central memory, T¢m) CD8 T cells by 70%, with reduced Tepm
cells also seen in the bone marrow. TRAF2~ CD8 T cells are comparable to their wildtype
counterparts in steady state turnover and expression of the pro-survival factor Bcl-2.
However, they exhibit impaired expansion in response to I1L-15, despite normal expression
of IL-15Ra and IL-2Rcy, and have hyperactive AKT at baseline and after 1L-15 stimulation
[27]. Exogenous administration of IL-15 can rescue the defect in numbers of T, cells,
confirming that defective downstream IL-15R signaling is likely responsible for the
alteration in Ty in the absence of TRAF2. Additional studies are required to determine if
TRAF2 interacts with the IL-15R.

While the importance of TRAF2 for T cell effector functions is evident, TRAF2 appears
dispensable for T cell development and homeostatic survival [26, 27]. TRAF2 functions
differently in CD4 versus CD8 T cells, with CD4 T cells more reliant upon TRAF2 for
optimal activation and proliferation downstream of TCR signaling. TRAF2 also impacts Th
subset differentiation, as T-TRAF2~~ mice have increased Th2 and Treg populations, but
reduced Th17 cells, compared to their wildtype counterparts [28]. Additional studies with T-
Traf2”"~ mouse models are required for further evaluation of the role of TRAF2 in specific T
cell subsets, and in functions of individual receptors expressed by T cells.

TRAF3 has a TRAF structure highly similar to that of TRAF2, and functions as an adaptor
molecule in multiple signaling pathways (Figure 1). Unlike other RING domain-containing
family members TRAFs 2 and 6, it lacks independent E3 ubiquitin ligase activity [29],
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instead recruiting TRAF2 into hetero-multimers for this purpose. Early studies in HEK293
cells revealed that overexpression of TRAF3, unlike that of TRAFs 2, 5, and 6, restrains,
rather than enhances, NF-xB activation [30]. Subsequent studies revealed that the roles of
TRAF3 are cell type and receptor-dependent [31].

The first indication that TRAF3 is important for T cell function came from characterization
of the 7raf3-null mouse. These mice appear normal at birth, but quickly become runted,
exhibit progressive loss of peripheral leukocytes, and die within two weeks [32]. Chimeras
generated by transferring TRAF3~/~ fetal liver cells into lethally irradiated wildtype mice
exhibit impaired Ab production following immunization with a T-dependent antigen, but
normal Ab responses to a T-independent antigen, suggesting dysfunctional T cell help. The
authors subsequently assessed the proliferation of primed T cells in response to antigen,
finding TRAF3~/~ T cells defective, thus suggesting that TRAF3 promotes normal T cell
function [32].

Much of the current understanding of the roles that TRAF3 plays in T cells derives from
studies performed with conditional knockout mouse models, which allow deletion of TRAF3
in specific cell types, without the early lethality associated with TRAF3 global deletion. In
LckCre TrarFlox/flox mice, in which 77af3is deleted at the double negative stage of T cell
development, there is no alteration in T cell survival, despite constitutive NF-xB2 activation
[26]. This is in contrast to the markedly enhanced survival of TRAF3~~ B cells [26, 33].
CDACTe Trafflox/flox mice (henceforth referred to as T- 77af3/~ mice), have TRAF3 deleted
at the double positive stage of T cell development, providing further insight into the impact
of TRAF3 on mature T cell-mediated immunity. T- 77a£3/~ mice have normal numbers of
total CD4 and CD8 T cells, but a 2 to 3-fold increase in thymic-derived T regulatory cells
(Tregs), also present in LckCeTRAF3fI0X/flox mice [33, 34]. Numbers of invariant natural
Killer T cells (iNKT) are reduced ~10-fold in the absence of TRAF3; this decrease is in part
due to impaired IL-15 signaling [35].

The increased percentage and number of Tregs in T- 773~ mice suggests that TRAF3
restrains Treg development. Treg-specific deletion of Traf3 (FoxP3Cre TrafFlox/flox) jn
contrast, has minimal impact on Treg frequency, indicating that TRAF3 is not required for
maintenance of mature Tregs [36]. Consistent with this, TRAF3~~ Tregs do not have a
survival advantage over TRAF3*/* Tregs, and express comparable levels of Treg signature
proteins, including FoxP3, CTLA4, CD25, CD122, and GITR; thymic selection is also intact
in T- 77af3'~ mice [34]. However, the transition from Treg precursor to mature Treg is
enhanced, with increased IL-2-mediated phosphorylation of Stat5, which is required for
FoxP3 gene expression [34]. Timing of 7raf3expression appears important for Treg
function, as deletion of TRAF3 in mature Tregs results in impaired Treg suppressive
capacity /n7 vivo, but not /n vitro. As such, the frequency of CD44NMCD62L'° effector/
memory CD4 T cells is increased, as is the production of high-affinity Abs [36].

While total numbers of conventional T cells are unaffected by TRAF3 deficiency, the
proportions of naive, effector, and memory T cells are altered [37, 38]. The population of
splenic effector/memory CD4 T cells is doubled in T- 77af3/~ mice, with a corresponding
reduction in naive CD4 T cells (CD44'°CD62L"). Several groups suggest that this is due to
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a loss of Treg-mediated suppression of effector/memory CD4 T cells [36, 38]. Naive and
effector memory CD8 T cells are present in proportions comparable to wildtype mice, but
the Tcm (CD44MNCD62LM) CD8 T cell population is reduced 5-10 fold [37, 38]. Following
IL-15 stimulation, existing T¢n, cells exhibit decreased proliferation and impaired activation
of Stat5 and ERK pathways, indicating a role for TRAF3 in homeostatic survival of and
cytokine production by T, CD8 T cells [38].

The altered phenotypes of existing CD4 and CD8 T cells impacts the ability of T- 77af37/~
mice to mount appropriate T cell responses. T- 773/~ mice fail to respond to challenge
with a sublethal dose of L. monocytogenes, exhibiting decreased survival and delayed
clearance of bacteria in the liver. A marked reduction in antigen-specific CD4 and CD8 T
cells, and thus in IFN+y and TNFa production by these cells, contributes to the failure to
clear the infection [37]. In agreement with the findings from early studies of globally
TRAF3-deficient mice [32], T- 77af3”/~ mice have defective T-dependent, but not T-
independent Ab responses [37]

Investigation into the molecular mechanisms underlying the contribution of TRAF3to T cell
functions revealed an unexpected role for TRAF3 in early TCR/CD28 signaling. Upon
stimulation through TCR and CD28, TRAF3™"" T cells exhibit reduced proliferation and
enhanced apoptosis, independent of NF-xB activation or alterations in pro- and anti-
apoptotic proteins [37]. Production of I1L-2, IL-4, and IFNy is decreased in CD4 and, to a
lesser degree, CD8 T cells, and is not due to defective cytokine production machinery.
Supporting a role for TRAF3 in TCR/CD28 signaling, TCR/CD28-induced phosphorylation
of early signaling molecules, including Zap70, LAT, and PLC-y, as well as the downstream
molecule ERK, is diminished in TRAF3~/~ T cells [37]. The defect in signaling occurs early
in T cell activation, beginning with altered activation of Lck. This is due to increased plasma
membrane localization of the phosphatase PTPN22 and the inhibitory kinase Csk in TRAF3-
deficient T cells. These two inhibitors of Lck interact with TRAF3 (via the TRAF-C
domain) to prevent the inactivation of Lck [39].

TRAF3 can exert its effects on TCR/CD28 signaling, and thus T cell functions, in part
because it is recruited to the TCR/CD28 complex upon engagement of both TCR and CD28
[37]. While it was initially hypothesized that CD28 recruits TRAF3 via cytoplasmic
signaling motifs thought to contain a TRAF3-binding site, recent work demonstrated that
TRAF3 is recruited to the TCR/CD28 complex through interactions between the TRAF-C
domain and a TRAF3 binding motif in the cytoplasmic domain of the CD28-associated
adapter protein LAT [40]. Investigation into the interactions between TRAF3 and Dok1, a
LAT complex-associated negative regulatory protein, as well as regulators of Dok1, may
provide further insights into how TRAF3 regulates this complex.

TRAF3 also regulates T cell cytokine receptor signaling. As mentioned above, TRAF3
appears to promote signaling to T cells via the IL-15R, although it is not known if TRAF3
interacts with IL-15R directly or indirectly [35, 38]. In contrast, TRAF3~/~ conventional T
cells exhibit enhanced IL-2R signaling, with increased phosphorylation of Jak1 and Jak3,
the tyrosine kinases recruited to the IL-2R complex after IL-2 binding. This indicates that
TRAF3 is involved early in IL-2R signaling [34]. TRAF3 associates with Jak3 upon IL-2
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stimulation, and normally restrains further signaling via the recruitment of the phosphatase
TCPTP (PTPNZ2). The interaction between TRAF3 and TCPTP requires the RING and zinc
finger domains of TRAF3 [34].

It is clear that TRAF3 plays numerous key roles in T cell biology. Further investigations of
its participation in signaling by both additional cytokine receptors, as well as members of the
TNFR superfamily, should provide more potential important roles for this versatile TRAF.

TRAFS5, another T cell-expressed TRAF with a typical TRAF structure (Figure 1), has been
less-studied than TRAFs 2, 3 and 6, as unlike these TRAFs, deletion of TRAF5 in the whole
mouse has a much more modest impact on phenotype. As with other TRAFs, the majority of
published reports to date have not studied TRAFS5 specifically in T cells; here we summarize
the findings of those that have. The first TRAF5-deficient mouse was reported in 1999; the
strain studied was an F1 hybrid between C57BL-6J and 129/J. Mice display no alteration in
normal numbers of CD4 and CD8 T cells. The one notable finding specific to T cells in this
mouse was that CD27-mediated proliferation in T cells provided with CD3 + costimulation
signals is reduced [41]. Kraus et al. expanded upon the role of TRAF5 in T cell CD27
function in this TRAF5~/~ mouse, fully backcrossed to C57BL/6. The mice display a
defective response to /n vivo infection with the bacterium L/steria monocytogenes,
especially in the CD8 memory T cell compartment. This defect, which is T-cell intrinsic, is
associated with normal proliferative capacity, but an increased tendency to undergo
activation-induced cell death, and a failure of CD27-mediated signals to rescue the
TRAF5~~ T cells from apoptosis [42].

T cells from the TRAF5~~ mouse stimulated 777 vitro via another TNFR superfamily
receptor, OX40, display enhanced production of IL-4 and IL-5, and /in vivo immunization
that included an agonistic anti-OX40 Ab also resulted in increased Th2 cells, consistent with
in vitro data. Lung inflammation in a mouse allergy-induction model is also increased,
further supporting the concept that TRAF5 inhibits Th2 development in the mouse [43]. In
addition to Th2 cells, TRAF5~/~ mice develop increased Th17 cells following IL-6 treatment
both /n vitroand in vivo. T cell TRAF5 binds the IL-6R and suppresses I1L-6 signaling by
inhibiting recruitment of Stat3 [44]. TRAF3 in B cells also binds IL-6R to inhibit its
function, but in this case does so by recruiting a phosphatase to the receptor [45], so the two
TRAFs both inhibit IL-6R function by different mechanisms. It was subsequently shown that
TRAFS5 collaborates with TRAF2 in inhibiting IL6R-mediated Th17 development [46].

Another TNFR superfamily member regulated by TRAF5 in T cells is glucocorticoid-
induced TNFR-related protein (GITR). In a second TRAF5~/~ mouse strain (fully
backcrossed to C57BL-6), TCR-mediated increases in surface GITR expression are normal,
but GITR-mediated NF-xB1, p38, and ERK activation are markedly decreased, as is GITR-
stimulated IL-2 production [47]. Subsequently, Snell et al. studied GITR specifically on
CD8 T effector cells, finding that GITR-mediated NF-xB activation leading to enhanced
Bcl-x|_ requires both TRAFs 2 and 5 [48]. Further understanding of how TRAFS5 regulates T
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cell function, alone and in cooperation with other TRAF molecules, is an important goal of
future studies.

TRAFG6 is distinguished by the E3 ubiquitin ligase activity associated with its RING domain
(Figure 1), as it can attach K63-linked ubiquitin chains to itself and to other molecules [49].
The TRAF-C domain shares ~30% homology to the TRAF-C domains of TRAFs 1-5, and
binds to consensus motifs that are distinct from consensus motifs bound by TRAFs 2, 3, and
5 [49-51]. TRAF6™~ mice, similar to TRAF2~/~ and TRAF3™~ mice, become runted and
die within two weeks of birth, but have unique abnormalities in skeletal development [51].
These were subsequently found attributable to important participation by TRAF6 in
signaling during bone development by the TNFR SF member RANK [52-54]. Initial
characterization of TRAF6~/~ mice led to the conclusion that TRAF6 is not involved in T
cell responses, as T cells from TRAF6~/~ mice proliferate similarly to their wildtype
counterparts in response to TCR and Concanavalin A stimulation [51]. More recently,
TRAF6 has been revealed as an important player in T cell homeostasis and function.

TRAF6~/~ chimeric mice were generated prior to availability of conditional gene deletion in
mice, to circumvent the early lethality of the global TRAF6~/~ mouse and facilitate study of
the role of TRAF®6 in the hematopoietic compartment. This was the first study to suggest that
TRAF6 is a negative regulator of T cell activation [55]. TRAF6~/~ chimeras develop a lethal
inflammatory wasting disease, with evidence of Th2 cell infiltrates and production of the
Th2 cytokines IL-4, 1L-10, and TGFB. TRAF67~ T cells exhibit enhanced proliferation and
Th2-type cytokine production /n7 vitro that is most pronounced in response to stimulation
through CD3 alone. These animals have atrophic thymi, small lymph nodes, and reduced
splenic cellularity, but retain normal proportions of CD4 and CD8 T cells, suggesting that T
cell maturation is intact. The CD4 T cell compartment skews towards effector and memory
CDA T cells, consistent with the activated phenotype observed [55]. King et al. confirmed
that these findings are due to T cell-specific loss of TRAF6, using two T-cell specific
TRAF6~~ mouse models (CDA4CTe- Traf6flox/flox  designated here as T- 77af6/~, and LckCre-
Traf6f1ox/flox) - Aplation of TRAF6 specifically in T cells revealed that, in addition to
enhanced proliferation in the absence of costimulation, with a corresponding resistance to
anergy, T- 7raf6 '~ T cells exhibit constitutive hyperactivation of the pro-survival kinases
PI3K and AKT. They are also resistant to Treg-mediated suppression in a PI3K-dependent
manner [56, 57]. The hyperactivity of the PI3K-AKT pathway may be due to loss of
cooperation between TRAF6 and LAT following TCR stimulation, resulting in the loss of
negative regulatory mechanisms intended to restrain downstream signaling [58].

T- Traf6™"~ mice spontaneously develop Th2-like autoimmune disease, despite normal
numbers and /n vitro suppressive ability of Tregs [56]. A limitation of these early studies is
that they did not assess /1 vivo suppressive ability of FoxP3* T cells, rather than bulk
activated CD4*CD25* T cells. There is a striking defect in thymic FoxP3* Treg development
in TRAF6™~ mice, and subsequent work with Treg- 77af6/~ mice (FoxP3CTe- Trafeflox/flox)
demonstrates that TRAF6 plays an important role in maintenance of peripheral FoxP3*
Tregs [59-61]. Treg- 7raf6~'~ mice develop the same Th2-like autoimmune disease as T-
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Traf6™'~ mice, and have the same baseline immune hyperactivation [60, 61]. Treg- 7raf6~/~
Tregs fail to expand to the same degree as their wildtype counterparts, and are poised to
more readily lose FoxP3 expression, becoming ex-FoxP3 T cells that produce effector
cytokines IL-4 and IL-17 {Muto, 2013 #3508}. Normal CD4 T cells committed to become
Tregs express more 7raf6 transcripts than non-Treg-committed T cells. Increased 7raf6
expression promotes the K63-linked ubiquitination of FoxP3, which is required for its
nuclear localization. Experiments performed in exogenously-transfected HEK293 epithelial
cells indicate that the RING domain is required for ubiquitination of FoxP3 at K262, and
that FoxP3 associates with TRAF6 via its RING and zinc fingers [61]. Taken together, these
findings indicate that TRAF6 is required for the development and maintenance of Tregs.

TRAF6 also negatively regulates T cell cytokine receptor signaling, sharing this property
with TRAF3, as discussed above. T- 7raf6 '~ T cells exhibit a propensity to differentiate into
Th17 cells /n vitro; this is due to an increased sensitivity to TGF-induced signaling, which
suppresses IL-2 production [62]. This finding is somewhat at odds with the increase in
IL-2R signaling in TRAF6~/~ thymocytes, and requires further investigation [63]. Treg-
Traf6™'~ Tregs are hyperresponsive to IL-2 stimulation, demonstrated by enhanced
phosphorylation of Stat5 [60]. TRAF6 binds to IL-2Rp, and potentially interferes with Jak1
activation by competing with Jak1 for this binding [63]. Further investigation into the
mechanism by which TRAF6 inhibits Jak1 activation is required; perhaps, like TRAF3,
TRAF6 recruits phosphatases to the IL-2R complex.

CONCLUSIONS

Studies of the TRAF family of molecules in chimeric and T cell-specific mouse models have
revealed important roles for TRAFs in T cell homeostasis and function. As summarized in
this review, TRAFs 1-3, 5, and 6 are involved in signaling through the TCR and cytokine
receptors, in addition to their established roles in signaling through TNFR-SF members. The
TRAF molecules are also important for the delicate balance of T cell activation and memory
formation in the context of infection, with implications for enhancement of vaccination
strategies and anti-tumor responses. It is thus very encouraging that recent work, including
studies presented at the recent TNF Superfamily Conference at Asilomar in June 2019,
highlight the important and varied roles played by T-cell-expressed TRAF molecules in the
physiologic functions of this critical type of immune cell. The current state of knowledge of
roles played by each of the T cell TRAFs discussed here is summarized in Table 1. Further
studies of TRAFs in T cells are eagerly anticipated, to increase our understanding of how
TRAFs regulate critical aspects of T cell biology.
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Janus kinase

c-Jun kinase
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leukocyte specific protein 1
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protein tyrosin phosphatase number
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T-Traf /- mice conditionally deficient in the indicated TRAF molecule in T
cells
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Figure 1. Domain organization of TRAFs expressed in T lymphocytes.
All TRAFs (with the exception of TRAF1) contain an N-terminal RING domain and one or

more zinc finger motifs (labeled Zn). The C-terminus consists of the coiled coil domain and
the TRAFC domain (also known as the MATH domain).
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