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Summary

Tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6) is an adaptor protein that 

mediates a wide array of protein-protein interactions via its TRAF domain and a RING finger 

domain that possesses non-conventional E3 ubiquitin ligase activity. First identified nearly two 

decades ago as a mediator of IL-1 receptor (IL-1R)-mediated activation of NFκB, TRAF6 has 

since been identified as an actor downstream of multiple receptor families with immunoregulatory 

functions, including members of the TNFR superfamily, the toll-like receptor (TLR) family, tumor 

growth factor-β receptors (TGFβR), and T cell receptor (TCR). In addition to NFκB, TRAF6 may 

also direct activation of mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase 

(PI3K), and interferon regulatory factor (IRF) pathways. In the context of the immune system, 

TRAF6-mediated signals have proven critical for the development, homeostasis, and/or activation 

of B cells, T cells, and myeloid cells, including macrophages, dendritic cells, and osteoclasts, as 

well as for organogenesis of thymic and secondary lymphoid tissues. In multiple cellular contexts, 

TRAF6 function is essential not only for proper activation of the immune system, but also for 

maintaining immune tolerance, and more recent works have begun to identify mechanisms of 

contextual specificity for TRAF6, involving both regulatory protein interactions, and messenger 

RNA regulation by microRNAs.
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Introduction

Tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6) was identified through 

two independent efforts, one using yeast two-hybrid screening to identify proteins that 

interact with the CD40 cytoplasmic tail (1), and the other by data mining sequences with 

similarity to other TRAF proteins with characteristics of interleukin-1 receptor (IL-1R) 

signal transducers (2). Initial characterization showed that TRAF6 was, at the time, the only 
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TRAF family member capable of bridging signaling by the TNFR and TLR/IL-1R 

superfamilies. TRAF6 is broadly expressed in mammalian tissues and is well conserved 

across species. The severe phenotype of TRAF6 knockout mice, which experience 100% 

mortality within two weeks after birth, and are found to exhibit neural tube defects and 

exencephaly characterized by abnormal regulation of programmed cell death within specific 

regions of the developing central nervous system is demonstrative of the importance of 

TRAF6 to critical biological functions (3). To investigate the requirement for TRAF6 

specifically in the mammalian immune system, bone marrow chimera mice using TRAF6-

deficient donor bone marrow were generated and showed manifold defects, including 

disorganized lymphoid tissues and inflammatory autoimmune disease (4). The severity of 

the disruption of the immune system in these chimeric mice suggested important roles for 

TRAF6 in numerous immune cell types. While many studies have shown the importance of 

TRAF6 signaling in development (5-7), homeostasis (8), and cancer (9, 10) outside of 

immune cells, the focus of this review will be on the roles of TRAF6 within the 

hematopoietic lineage as well as select organogenic processes that regulate the development 

and anatomy of the immune system.

TRAF6 signaling mechanisms

Our understanding of the mechanisms employed by TRAF6 to effect intracellular signal 

transduction within immune cells has continued to expand over the past two decades. The 

apparent adaptability of TRAF6 to various receptor signaling pathways within a given cell, 

as well as the context- and/or cell type-specific signaling functions of TRAF6 have been 

made possible by seemingly innumerable TRAF6 interaction partners. At the same time, 

TRAF6 signaling in both immune and non-immune cells is one of the original proteins 

identified as containing a type of non-conventional E3 ubiquitin ligase activity. Below, the 

general TRAF6 signaling mechanisms that have been characterized as operating in immune 

cells are summarized (Fig. 1), though some mechanisms are context-specific and are 

addressed in cell type-specific sections.

Specific TRAF6 interacting motifs

Orthologs of TRAF6 can be traced back to invertebrates, such a Drosophila where it is 

called DTRAF2, and plays roles in both dorsal/ventral polarity and anti-microbial immune 

responses via Toll (11). Mammalian TRAF6 protein is highly conserved, and consists of an 

N-terminal Zn RING finger domain, a series of five Zn finger domains, a coiled-coil TRAF-

N domain, and a C-terminal TRAF-C domain (1, 2). This domain configuration is the same 

as is found in other mammalian TRAF family members TRAF2, TRAF3, and TRAF5, all of 

which have also been implicated in various signaling pathways that also utilize TRAF6 (12). 

Capacity to activate downstream signaling pathways may be similar between these TRAF 

family members, but TRAF6 likely derives signaling specificity primarily from it TRAF-C 

domain, which binds to consensus X-X-P-X-E-X-X-aromatic/acidic motifs found in 

interacting proteins (13). By contrast, TRAFs 2, 3, and 5 are all capable of interacting with 

distinct overlapping motifs, such as P-X-Q-X-T (14, 15). However, TRAF6 may be 

recruited to protein complexes involving other TRAFs, such as those downstream of 

inflammatory pathways that utilize both TRAF6 and TRAF3 (16). Binding to TRAF6 
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interaction motifs is believed to activate TRAF6 by promoting oligomerization (13, 17), and 

these motifs can link TRAF6 directly to the intracellular domains of transmembrane 

receptors, such as TNFR superfamily members (13, 14) and TGFβRI/ALK5 (18, 19), or to 

signaling receptors indirectly via cytoplasmic intermediaries, such as the kinase IRAK1 for 

the TLR/IL-1R superfamily (13), the SEFIR domain-containing E3 ubiquitin ligase Act1 for 

the IL-17 receptor family (20, 21), MAVS/VISA/IPS-1/Cardif for RIG-I family member 

(22), and the paracaspase MALT1 for T cell receptor (TCR) (23). In addition to proteins 

containing TRAF6 binding motifs, TRAF6 signaling complexes also include signaling 

components necessary for recruited kinases and other adaptors. Most notably, downstream 

of some TLR/IL-1R members, including TLR4, TLR9, and IL-1R, TRAF6 is recruited to the 

Myddosome, a complex containing the adaptors MyD88, and kinases IRAK1, IRAK2, and 

IRAK4 (24). In response to TLR3 signaling, TRAF6 is recruited to a complex including the 

adaptor TRIF, the related family member TRAF3, and the RIP1 kinase, which activates 

TAK1 in response to TRAF6 activation (16, 25, 26). Even in cases where TRAF6 binds 

directly to receptors, such as TNFR superfamily members, scaffolding proteins such as c-

Cbl, Cbl-b, and RACK1 (unpublished observation) are involved in recruiting downstream 

kinases, such as c-Src and phosphoinositide 3-kinase (PI3K) (27-29).

TRAF6 as a non-conventional E3 ligase

In all cases investigated thus far, activation of TRAF6 protein requires the Zn RING finger 

domain, the mechanistic description of which represented a seminal discovery in 

immunological signal transduction. In 2000, Chen and colleagues described a complex 

involving TRAF6 and the ubiquitin conjugating enzyme Ubc13 and the Ubc-like protein 

Uev1A, which is capable of catalyzing the synthesis of unique polyubiquitin chains, in a 

TRAF6 RING finger domain-dependent manner, that are linked through lysine-63 (K63) of 

ubiquitin rather than through the conventional K48-linked chains typically associated with 

proteasomal degradation (30). The same group subsequently showed that these K63-linked 

ubiquitin chains led to downstream activation of IKK and MAP kinases (MAPK) by first 

recruiting and activating the kinase TGFβ-activating kinase 1 (TAK1) (31). How K63-linked 

ubiquitin chains accomplish this task has been a matter of debate, since TRAF6 has been 

shown to link chains to various target proteins in response to stimulation and it is difficult in 

situ to parse the specific biological relevance of targets of ubiquitination. In fact, TRAF6 

autoubiquitination is often used as a read-out for TRAF6 activation, and in one study has 

been mapped to the TRAF6 lysine residue K124 (32). While this study reports that K124 is 

essential for TRAF6-mediated activation of TAK1 and IKK, a separate study showed that 

while the TRAF6 RING finger domain is essential for IL-1R- and RANK-mediated TRAF6-

dependent signaling, ubiquitination of TRAF6 itself is dispensable (33). In both reports, as 

well as previous others that link TRAF6 to the NOD pathway (34) and to TCR (23), the IKK 

complex member, IKKγ/NEMO, is reported as an additional target of TRAF6-mediated 

ubiquitination, and might therefore represents an element of redundancy in TRAF6 ubiquitin 

targeting. Site-specific ubiquitination of IRAK1 has also been reported as a possible 

mechanism of TRAF6-mediated signaling downstream in MyD88-dependent signaling 

pathways of the TLR/IL-1R superfamily (35). It is possible that any one specific anchoring 

point for K63-linked ubiquitin chains is not required for kinase activation, but rather their 

mere presence within the signaling complex, as it has been shown that even free, 
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unanchored K63-linked chains were able to activate TAK1 and IKK by first interacting with 

a ubiquitin-binding domain in the adaptor protein TAB2 (36). This observation does not 

necessarily mean, however, that unanchored K63-chains mediate signaling in vivo, because 

although Ubc13/Uev1A can generate free chains, an E3 ligase, such as TRAF6 is required 

primarily for specifying protein targets and catalyzing transfer of ubiquitin chains to those 

targets (37), and TRAF6 has been repeatedly demonstrated by genetic approaches to be 

critical for intracellular (as opposed to cell-free) signal transduction.

While most effort in decoding the canonical TRAF6 signaling mechanism has focused on 

the formation of protein complexes that lead to activation of TAK1 and subsequently 

activation of IKK-NFκB and MAPK, activation of other pathways are also associated with 

TRAF6. For instance, TRAF6-mediated activation of the kinase MEKK3 is required for 

inflammatory cytokine production in response to some TLR/IL-1R stimuli (38). Evidence 

suggests that TRAF6-MEKK3 represents a time-delayed mechanism for activating NFκB in 

TRAF6-dependent signaling pathways in a manner independent of TAK1 (39). TRAF6 has 

also been shown to activate the p38 MAPK pathway in response to TLR4 and ROS 

stimulation via activation of the kinase ASK1, though it is unclear whether TAK1 is 

involved (40). TRAF6 has also been shown to activate the PI3K and downstream Akt/PKB 

pathway in response to both TNFR and TLR/IL-1R stimulation, but in the former case 

activation requires recruitment to the receptor of Src family kinases and Cbl family 

scaffolding proteins (27, 29), while in the latter case IRAK1 is required, though it is unclear 

whether other bridging molecules are involved (28). Recent work has shown that TRAF6 

signaling is also specified by interaction with the scaffolding protein RACK1, which, upon 

RANK activation leads to recruitment of TRAF6, TAK1, and MKK6 in order to activate the 

p38 MAPK pathway (unpublished observation). In addition to recruitment of scaffolding 

and adaptor complexes, specificity of TRAF6 signaling can be determined by quantity of 

signal. For instance, experiments involving overexpression of mutant versions of CD40 and 

RANK suggest that differences in downstream signaling results may be attributed to the 

greater number of TRAF6 binding sites found in RANK (41). By contrast, signaling 

downstream of TRAF6 is also activated directly through its ubiquitin ligase activity. For 

instance, it has recently been shown that Akt is a direct target of TRAF6 ubiquitin ligase 

activity in response to IL-1β stimulation, and that Akt ubiquitination is required for its 

membrane recruitment and activating phosphorylation (42). Finally, TRAF6 has also been 

shown to activate the interferon regulatory pathway (IRF) pathway, including members IRFs 

5 and 7, downstream of some TLR/IL-1R members in a mechanism that utilizes the MyD88-

IRAK complex (43, 44).

Deubiquitinase regulation of TRAF6 signaling

As TRAF6 activates signaling via attachment of K63-linked ubiquitin chains, a class of de-

ubiquitinating enzymes has been identified that disassemble these chains in order to 

negatively modulate signaling. The deubiquitinating enzymes A20, and to a lesser extent 

CYLD, have both been demonstrated to negatively regulate TRAF6-mediated ubiquitination 

(45, 46). CYLD has been shown to be recruited to TRAF6 by p62/Sequestosome and to be 

required for negatively regulating signaling from the TNFR superfamily member RANK in 

osteoclasts by inhibiting TRAF6 ubiquitination (47). A20 negatively regulates TRAF6 
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signaling by various mechanisms. In response to TLR/IL-1R signaling A20 de-ubiquitinase 

activity removes TRAF6 K63-linked ubiquitin chains (45). The zinc finger-containing 

protein Tax1-binding protein 1 (TAX1BP1) has been shown to regulate A20-mediated 

inhibition of TRAF6 signaling by recruiting A20 via ubiquitin-binding activity (48, 49). 

Another mechanism of A20-mediated inhibition of TRAF6 signaling involves disruption of 

the TRAF6 ubiquitination complex by triggering K48-linked degradative ubiquitination of 

the E2 ubiquitin-conjugating enzyme Ubc13 (50). A20 regulates IL-17 receptor signaling 

mediated by TRAF6, first through IL-17 receptor-induced expression, and then by binding 

directly to IL-17RA within an established inhibitory domain, and disrupting K63-linked 

ubiquitination of members of the activating complex involving TRAF6 and Act1 (51). 

Downstream of TGFβRI signaling, TRAF6-dependent MAPK activation is inhibited via 

Smad6 recruitment of A20, which is associated with decreased TRAF6 K63-linked 

ubiquitination (52). These and various other studies utilizing genetic approaches 

demonstrate the importance of negative regulatory mechanisms of TRAF6 signaling in order 

to maintain proper immune homeostasis (45, 53, 54).

Emerging examples of TRAF6 signaling crosstalk

Just as mechanisms exist to regulate TRAF6 signaling, examples have recently emerged of 

cases where TRAF6 itself interacts with and modulates signaling in pathways that were 

previously unrecognized as related. The JAK-STAT pathway activates gene transcription 

downstream of various cytokine receptors critical to immune cells, including interferons and 

interleukins. This pathway is often thought to act in parallel with, or sequential to, TRAF6-

mediated signaling within a given cell during activation and differentiation events that are 

triggered by complex stimuli. However, some evidence suggests crosstalk between the two 

pathways. STAT3 and NFκB transcription factors can be activated downstream of IL-6R 

and IL-1R, respectively, and IL-1-triggered TRAF6 signaling regulates STAT3 signaling 

both indirectly by specifying formation of hetero- versus homo-dimers of NFκB members 

(55), and directly by interacting with STAT3 in a manner that enhanced STAT3 

ubiquitination and decreased its transcriptional activity (56). Conversely, it has recently been 

shown that STAT3 negatively regulates TRAF6 signaling by inhibiting expression and/or 

function of the E2 conjugating enzyme Ubc13 downstream of TNFR and TLR-IL-1R 

superfamily members (57). TRAF6 has also recently been shown to positively regulate JAK-

STAT signaling through a non-canonical pathway involving activation via serine 

phosphorylation (as opposed to canonical activation on tyrosine residues), as TRAF6 

recruits STAT1 into the TLR signalosome for activation by an as-yet unidentified serine 

kinase (58). Another area of emerging crosstalk, though its implications for immune 

processes remain are currently unclear, is between TRAF6 and the Notch signaling pathway. 

It was first shown that TRAF6-deficiency in myofiber explants results in increased 

proliferation along with enhanced expression of Notch ligands, demonstrating indirect, but 

biologically relevant, regulation of the pathway (59). More recently, it has been shown that 

TGFβ-dependent activation of TRAF6 leads to recruitment of presenilin 1, the protease 

responsible for activating Notch receptors by enabling their transport from the membrane to 

the nucleus, to the TGFβRI complex where it serves a similar function (60). TRAF6 

apparently then promotes protease activity in a manner associated with K63-linked 

ubiquitination of presenilin-1, suggesting the possibility that TRAF6 may also play some 
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direct role in Notch activation that will require additional investigation (60). In fact, recent 

work in Drosophila shows that the TRAF6 ortholog DTRAF2 interacts directly with the 

Notch intracellular domain (ICD), and that genetic interaction between DTRAF2 and Notch 

is apparent in related phenotypes (61). As the Notch has been extensively characterized as a 

critically important and well conserved signaling pathway to cellular development and 

differentiation fate choices, this work may indicate an important new avenue of study of 

TRAF6 signaling that will begin to explain how TRAF6 can both directly regulate 

immediate inflammatory responses, and also subtly control long term differentiation paths of 

various immune cell types. It is likely that with further advances in proteomic techniques, 

additional examples of TRAF6 signaling crosstalk will be identified, and as such, these 

complexities must be considered when studying TRAF6-associated immune phenotypes.

Roles of TRAF6 in thymic and peripheral lymphoid tissues

The immune system is controlled by multiple mechanisms that regulate tolerance and 

immunity. Self-tolerance protects against autoimmune pathology and is established during 

both development (central tolerance) (62, 63) and peripheral homeostasis (peripheral 

tolerance) (64, 65). Humoral and cell-mediated immunity coordinately protect against 

pathogenic invasion and cancer, and require multiple developmental steps from activation to 

differentiation to achieve functionally distinct subsets of lymphocytes. TRAF6-deficient 

mice exhibit severe osteopetrosis, thymic atrophy, defective lymph node organogenesis, 

splenomegaly, and suffer perinatal death (d13-17) (66), suggesting essential roles for 

TRAF6 in a wide range of immune compartments. Additionally, studies with fetal liver 

chimeras further substantiate the role of TRAF6 in controlling development and 

maintenance of different subsets of hematopoietic cells (4). Below, current understanding of 

the wide range of roles of TRAF6 in regulating tolerance, activation and differentiation of T 

cells is reviewed.

TRAF6 regulates thymic selection and central tolerance

Negative selection of self-reactive thymocytes depends on promiscuous expression of tissue-

specific antigens (Ag) by medullary thymic epithelial cells (mTECs) (62, 63, 67, 68). The 

expression of autoimmune regulator (Aire) protein by mTECs provides Ags that are 

otherwise expressed only in peripheral tissues, eliminating self-reactive cells from the 

developing T cell repertoire, and playing a crucial role in central T cell tolerance.

Phenotypes of TRAF6−/− mice, along with studies focusing on signaling of the TNFR 

superfamily members RANK and CD40 during development have suggested critical roles 

for TRAF6 in the development and functions of mTECs and central tolerance (69, 70). 

TRAF6−/− mice show compromised mTEC development along with reduced expression of 

Aire and, consequently, fewer tissue-specific antigens, correlating with their autoimmune 

phenotype (66). TRAF6−/− fetal thymic stroma tissue fails to mediate negative selection and 

induces autoimmunity when grafted into athymic nude mice (71). Furthermore, specific 

deletion of TRAF6 in thymic epithelial cells (TRAF6ΔTEC) results in diminished medullary 

areas of the thymus along with autoimmune hepatitis and autoantibody development (72), 

indicating an essential role for TRAF6 in central tolerance through regulation of mTEC 

development (Fig 2).
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Several studies suggest mechanistic insights into how TRAF6 regulates development of the 

thymic medullary microenvironment and expression of Aire. One study showed that 

claudin-3 and -4 (Cld3,4)+ mTECs, a subset that selectively expresses Aire, are significantly 

impaired in TRAF6−/− mice (73). This study further suggests the possibility that mTECs 

arise from a unique progenitor, and that TRAF6 might promote proliferation and/or survival 

of this cell lineage during embryonic thymic development. TRAF6 also induces expression 

of RelB, a member of the NFκB family, which is important for mTEC development. RelB-

deficient mice show medullary thymic atrophy, impairments of Aire expression and negative 

selection, and multi-organ inflammation, exhibiting phenotypes similar to TRAF6−/− mice 

(74). Retroviral introduction of TRAF6 into TRAF6−/− mTEC cell lines restores expression 

of RelB, suggesting TRAF6 directs RelB induction in mTECs (71). However, it currently 

remains unclear how TRAF6-mediated RelB induction leads to Aire expression. 

Additionally, defective mTEC formation observed in RANK/RANKL- (75-77) or CD40/

CD40L-deficient mice (70, 78) points to these receptor-ligand pairs as potentially critical 

activators of TRAF6 during mTEC development. RANK signaling was shown to be 

important during embryogenesis, and cooperation between CD40 and RANK signals is 

required to establish the medullary microenvironment upon birth (77). In addition, ligation 

of RANK or CD40 was shown to activate intracellular signaling pathways necessary for the 

development of mTECs, including TRAF6- (for canonical NFκB activation) and NFκB 

inducing kinase (NIK)- (for non-canonical NFκB activation) dependent signaling, by 

employing TRAF6−/− and aly/aly (NIK mutant) embryonic tissues in fetal thymic organ 

cultures (FTOC). The development of UEA-1+Aire+ cells is compromised in FTOC of 

TRAF6−/− and aly/aly mice upon RANK or CD40 ligation, showing the importance of both 

TRAF6-dependent canonical and NIK-dependent non-canonical NFκB activation pathways 

for the development of mTECs (77). Further studies into the mechanisms and signals that 

determine commitment to the mTEC lineage and Aire expression, and spatiotemporal 

involvement of TRAF6 in this process will be necessary for better understanding the role of 

TRAF6 in establishing central tolerance.

TRAF6 controls lymphoid tissue organogenesis

TRAF6−/− mice lack peripheral lymph nodes (LN), the development of which require 

cooperation between RANKL-RANK and lymphotoxin (LTα, LTβ, LTβ) receptor signaling 

in order to activate both the canonical NFκB and non-canonical NIK-IKKα pathways (79). 

In this context, TRAF6 appears to be required for the relevant RANK-mediated signaling 

(80). LN organogenesis first requires RANK engagement on lymphoid tissue inducer (LTi) 

cells recruited to a rudimentary anlage composed of lymphoid tissue organizer (LTo) 

progenitor cells. LTi cells subsequently produce lymphotoxin α/β (LTα/β) for LTo 

progenitors that express LTβR, which induces development of mature LTo cells (81, 82). 

RANK-mediated positive feedback leads to increased RANKL-RANK expression on mature 

LTo cells, amplifying LTi growth and tissue organization (83). Finally, it has been shown 

that LN organogenesis can be reconstituted by intraembryonic injection of IL-7 into 

TRAF6−/− embryos, suggesting that the effects of RANKL exerted on the LN inducer cell 

population are functionally similar to those of IL-7 with respect to LTα/β induction (80).
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Roles of TRAF6 in T cells

Study of TRAF6 in immune cells initially focused on antigen-presenting cells (APCs) 

because of the wide array of TRAF6-associated receptors from both the TNFR and TLR/

IL-1R superfamilies that they express. While dysregulation of the TRAF6−/− T cell 

compartment was previously believed to be due to cell non-autonomous effects related to 

defective APC function, significant upregulation of TRAF6 in response to TCR engagement 

justified examination of T cell-intrinsic TRAF6 (84). T cell-specific deletion of TRAF6 has 

revealed a surprisingly broad array of critical cell-intrinsic roles for TRAF6 in the regulation 

of peripheral T cell tolerance and immunity (Figs. 2 and 3).

TCR-mediated T cell activation

TCR stimulation initiates a complex signaling cascade that culminates with activation of 

transcription factors, including NFκB, NFAT, and AP-1. In the canonical NFκB signaling 

pathway, phosphorylation and degradation of cytosolic IκB inhibitors by the IκB kinase 

(IKK) complex result in subsequent nuclear translocation of NFκB. PKCθ, Carma1/

CARD11-Bcl10-MALT1 (the CBM complex) and Caspase-8 are key molecules involved in 

the activation of IKK/NFκB signaling downstream of TCR (85-90). Several studies have 

suggested an essential role for TRAF6 in TCR-induced IKK activation. For example, 

IKK/NFκB activation in CD3/CD28-stimulated Jurkat cells was compromised by siRNA 

knockdown of TRAF6 (23, 91). TRAF6 directly associates with the C-terminus of MALT1 

via two conserved binding motifs as shown in overexpression experiments, or is indirectly 

recruited to MALT1 through association with caspase-8 (91). C-terminal ubiquitination of 

MALT1 is important for initiating IKK/NFκB signaling and IL-2 induction in response to T 

cell activation, and TRAF6 has been shown to function as a potential ubiquitin ligase for 

MALT1 in Jurkat cells (92). Additionally, knockdown experiments using siRNA in Jurkat 

cells show that association of TRAF6 with activated caspase-8 is crucial for the 

translocation of caspase-8 to lipid rafts and for subsequent TCR-induced activation of 

NFκB, suggesting the importance of TRAF6 to TCR signaling (91). However, these findings 

do not necessarily align with phenotypes observed in T cells from TRAF6ΔT T cells, in 

which TRAF6 is genetically deleted during thymic development by expression of CD4-Cre 

(84). In contrast to biochemical and gene knockdown studies in cell lines, TRAF6ΔT T cells 

exhibit no apparent defects in NFκB activation upon TCR engagement. Additionally, unlike 

TCR-stimulated T cells deficient in CBM complex members, TRAF6ΔT T cells show no 

defects in NFκB activation, and exhibit (at least) normal levels of IL-2 production and 

proliferation (93). These discrepancies may suggest that the requirement for TRAF6 in 

response to TCR signaling is context-dependent, such that it may be required during some 

stage of activation or differentiation of T cells not yet tested. It should be noted that TRAF6 

expression is strongly upregulated in naïve T cells upon initial TCR-mediated activation 

(84), possibly suggesting that the requirement for TRAF6 downstream of TCR is specific to 

activated cells and/or TCR re-stimulation (which may be more similar Jurkat cells). 

Alternatively, there may be redundancy of TRAFs in primary T cells, such that absence of 

TRAF6 is compensated by another TRAF during TCR stimulation. Along these lines, 

siRNA-mediated knockdown of TRAF2 in Jurkat cells suggests its involvement in TCR-

dependent NF- κB activation (23). Also, transgenic mice expressing a dominant-negative 
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mutant of TRAF2 in T cells exhibit a defect in IL-2 production (94). Therefore, examining 

the phenotype of T cells by TRAF2/6 double deletion may be informative for understanding 

the IKK/NFκB signaling mechanism downstream of TCR, and might resolve seemingly 

contradictory findings regarding the role of TRAF6 in T cell activation.

In addition to apparently normal TCR-mediated NFκB activation, naïve CD4+ T cells from 

mice with T cell-specific deletion of TRAF6 (TRAF6ΔT) exhibit hyper-sensitivity TCR 

engagement, as evidenced by enhanced activation of the PI3K-Akt pathway and diminished 

requirement for CD28 costimulation to undergo proliferation (84). Uncoupling of CD28 and 

TCR in TRAF6ΔT CD4+ T cells also results in a defect in anergy induction associated with 

dysregulation of the E3 ligase Cbl-b (93), and TRAF6ΔT CD4+ T cells are refractory to 

suppression by CD4+CD25+ Tregs both in vitro and in vivo (84) (Fig. 3).

Differentiation of Th/Treg cells

After initial TCR-mediated stimulation, naive peripheral CD4+ T cells differentiate into 

distinct T helper (Th) lineages, including Th1, Th2, Th9, Th17, Th22, and iTreg, in the 

presence of cytokines that drive different types of immune responses. Various factors, 

including initial cytokine environments, transcription factors, and epigenetic modifications, 

are involved in CD4+ T cell fate determination and functional stability (95-100). Several 

lines of evidence show that T cell-intrinsic TRAF6 expression regulates CD4+ T cell lineage 

differentiation (Fig. 3).

Th9 cells produce IL-9 and IL-10, are believed to contribute to immunopathology in allergy 

and autoimmunity, and differentiate in response to IL-2, TGF-β and IL-4 (101). Factors 

known to contribute to Th9 cell differentiation include IL-25, Jagged2, PD-L2, OX40, and 

thymic stromal lymphopoietin (TSLP) (98, 102). A recent study demonstrated that TRAF6 

is required for OX40 signaling-dependent Th9 differentiation (103). Ligation of OX40 

activates the ubiquitin ligase activity of TRAF6, which mediates the activation of NIK. NIK 

mediates the processing of p100 to p52, thus forming the transcriptionally active p52-RelB 

complex. This noncanonical NFκB pathway is required for differentiation of Th9 cells by 

OX40 costimulation.

IL-17-producing Th17 cells play an important role in host defense against extracellular 

bacteria, fungi and other eukaryotic pathogens. Th17 differentiation is induced by IL-6 and 

TGF- β and further stabilized by IL-23 (104). The transcription factor RORγt regulates the 

differentiation process (96). TRAF6 also regulates Th17 cell differentiation, as shown in a 

model of acute colitis, where TRAF6ΔT mice exhibit more severe disease associated with 

increased Th17 cells in lamina propria tissue (105). Consistent with this finding, naïve 

TRAF6ΔT CD4+ T cells show increased Th17 differentiation in vitro under Th17 polarizing 

conditions, suggesting that TRAF6-dependent inhibition of Th17 differentiation is cell-

intrinsic. Cells from TRAF6ΔT Th17 cultures were found to be more sensitive to TGF-β 

stimulation, resulting in enhanced Smad2/3 activation and related inhibition of expression of 

IL-2, itself an inhibitor of Th17 differentiation (106). As such, TRAF6ΔT cells in Th17 

cultures exhibited levels of inhibition of Th17 differentiation comparable with control cells.
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Regulatory T cells (Tregs) are responsible for restraining T cell-mediated immunity and 

come in two basic varieties: thymic (or “natural”) Tregs (nTregs) generated in the thymus 

during selection, and iTregs, induced in the periphery, both of which require expression of 

Foxp3 (107). As discussed below, Treg deficiency or impotence may impact in vivo immune 

tolerance in mice lacking TRAF6 specifically in T cells or Tregs. However, there does not 

appear to be significant evidence that TRAF6-deficient T cells exhibit defective Treg 

differentiation or function in vitro. While TRAF6ΔT mice appear to have normal circulating 

Treg population, it should be noted that since TRAF6 is not deleted until after CD4 is 

expressed in these mice (as deletion is driven by CD4-Cre), they may not be suitable for 

determining whether nTreg development is TRAF6-dependent. To address this question, 

mice in which TRAF6 is deleted upon expression of Foxp3 (TRAF6Δ Foxp3) were 

generated (108). Like TRAF6ΔT mice, TRAF6Δ Foxp3 mice produce Tregs that exhibit 

apparently normal suppressive capacity during in vitro suppression assays (108). Using 

TRAF6−/− mice, it was shown that while TRAF6 is necessary for thymic Treg development, 

it is dispensable for antigen-dependent iTreg development in the periphery, as TGFβ-driven 

induction of Foxp3+CD25+CD4+ T cells is not defective in the absence of TRAF6 (109). 

Similarly, TRAF6ΔT CD4+ T cells also exhibit apparently normal Foxp3+ iTreg 

differentiation in the presence of TGF-β and IL-2 (105). Together these results suggest that 

differentiation of the extra-thymic iTreg population does not require T cell-intrinsic TRAF6 

expression.

CD8+ T cell homeostasis and memory development

CD8+ T cells are the primary population responsible for protective cell-mediated immunity 

to infection with intracellular pathogens or cancer. Upon Ag encounter, CD8+ T cells 

undergo a differentiation program characterized by expansion, effector and contraction 

phases, and development of a memory population that ensures faster and more efficient 

immune protection in response to subsequent Ag encounter. T cell-specific deletion of 

TRAF6 showed a role for TRAF6 in differentiation of memory CD8+ T cells in response to 

intracellular bacterial infection that also revealed an unexpected link to cellular metabolism. 

Upon L. monocytogenes infection, TRAF6ΔT CD8+ T cells undergo normal primary 

expansion, followed by dramatic contraction, and then failure to develop a memory 

population that could effectively expand upon re-challenge (110). Microarray analysis 

highlighted abnormal regulation of genes associated with the fatty acid metabolism pathway 

in TRAF6ΔT CD8+ T cells during the contraction phase. Furthermore, contracting 

TRAF6ΔT CD8+ T cells were found to exhibit defective activation of AMP kinase (AMPK), 

an upstream trigger of fatty acid oxidation. Treatment of mice with pharmacological agents 

that enhance AMPK and/or fatty acid oxidation, rescues the defect in TRAF6ΔT CD8+ T in 

memory formation, suggesting that TRAF6 integrates signals upstream of AMPK and 

consequently regulates memory T cell formation. This study shows an important possibility 

that there could be a direct cause and effect relationship between a metabolic pathway and 

the CD8+ T cell differentiation process, and that TRAF6 could directly or indirectly 

modulate AMPK to coordinate signals for energy homeostasis. Currently it remains unclear 

whether TRAF6 regulates specific metabolic pathways, and if so, whether such regulation 

determines CD8+ T cell fate. Resolution of these questions may require specific gene 

targeting of bona fide metabolic pathway components to eliminate possible metabolism-
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independent effects of TRAF6 deficiency and/or off-target effects of pharmacological 

agents.

Homeostasis of the naïve T cell compartment is critical for optimal immune responses since 

maintaining T cells with broad specificity is essential for effective pathogen clearance. 

Although TRAF6ΔT CD8+ T cells are hyper-proliferative in response to cognate Ag 

stimulation, it was recently shown that naïve TRAF6ΔT CD8+ T cells exhibit defective 

homeostatic/lymphopenia-induced proliferation (LIP), and that this defect can be correlated 

with a novel in vitro model of lymphopenia-induced proliferation (LIP) (111). Specifically, 

the IL-1 family member IL-18 was found to synergize with IL-7 to support slow LIP-like 

expansion of naive control CD8+ T cells, whereas cytokine synergy was abrogated in 

TRAF6ΔT CD8+ T cells, suggesting a TRAF6-dependent pathway required for LIP in naïve 

CD8+ T cells. Using a model peptide system, it was shown that IL-7/IL-18 cytokine synergy 

induces naïve CD8+ T cells to proliferate in response to a model self-peptide in vitro, which 

further correlates with requirements for LIP in vivo. While IL-18R receptor signaling does 

not appear to be specifically required for in vivo LIP, this could point to the fact that there 

are various TRAF6-dependent signaling pathways active in a given T cell, and future work 

may focus on identifying how TRAF6 signaling is coordinated in this context. Additionally, 

because homeostatic mechanisms are also critical for maintenance of the memory cell 

compartment, temporal deletion of TRAF6 during the memory phase may also be studied in 

the context of cytokine-dependent homeostasis (Fig. 3).

Importance of T cell-intrinsic TRAF6 to immune tolerance

As described above, TRAF6 plays significant cell-intrinsic roles in various aspects of T cell 

activation, differentiation, and homeostasis. However, broader assessment of mice lacking 

TRAF6 in T cell compartments, TRAF6ΔT and TRAF6ΔFoxp3, suggest both T cell 

autonomous and non-autonomous effects on immune homeostasis and tolerance. For 

example, while TRAF6ΔT CD4+ T cells exhibit no apparent propensity to become Th2 cells 

during in vitro differentiation assays (105), TRAF6ΔT mice exhibit spontaneous multi-organ 

inflammatory disease with splenomegaly and lymphadenopathy, characterized by elevated 

Th2 cytokine production and spontaneous Th2 cell differentiation, increased serum IgG1, 

IgE and IgM levels and autoantibody production, as well as significant expansion of the B 

cell compartment (84). It may therefore be that TRAF6-deficient T cells trigger initial B cell 

expansion, but that Th2 polarization occurs as an effect of feedback from B cell expansion. 

This issue may be addressed in more detail by investigating the fate of naïve wild-type 

CD4+ T cells transferred to TRAF6ΔT mice. TRAF6ΔFoxp3 mice, in which TRAF6 

deletion is restricted to the Treg compartment, also exhibit Th2-associated autoimmunity, 

and TRAF6ΔFoxp3 Tregs fail to suppress colitis induction in Rag2−/− mice when co-

transferred with naïve control T cells, suggesting that T cell-intrinsic TRAF6 expression is 

required in vivo for Treg-mediated tolerance even if it is dispensable for Treg differentiation 

and in vitro suppression. By combining TRAF6ΔFoxp3 with a cell-intrinsic reporter for 

Foxp3 (Foxp3YFP-CreRosa26RFP), it was shown that expansion of Tregs and stable 

expression of Foxp3 are TRAF6-dependent in the in vivo peripheral immune tissues, and 

furthermore, that TRAF6ΔFoxp3 T cells that lost Foxp3 acquire GATA-3 and IL-4 

expression, suggesting a potential conversion of TRAF6ΔFoxp3 Tregs into Th2 effector 
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cells. These data may imply that Th2 skewing observed in TRAF6ΔT mice is, at least 

partially, the result of TRAF6 deficiency within the Treg subset, though the source of the 

non-cell-autonomous loss of tolerance within the B cell compartment would still remain to 

be determined. It also remains unclear whether in vivo Fox3 stability in TRAF6ΔFoxp3 

Tregs is entirely cell-autonomous. This question should probably be first investigated in the 

context of reported cell-intrinsic increased activation of the PI3K/Akt pathway in TRAFΔT 

CD4 T cells, as this phenotype may correlate with recent observations relating the PI3K 

negative regulator PTEN to Foxp3+ Treg lineage stability (Fig 3.) (112). At the same time, 

additional studies must be undertaken to determine the various contributions of other, more 

clearly cell-intrinsic effects of TRAF6 on T cell differentiation, including Th9 and Th17, to 

the overall maintenance of immune tolerance in vivo.

Roles of TRAF6 in B cells

CD40 plays an important role in various B cell functions. Engagement of CD40 by its ligand 

CD154 recruits TRAF adaptor proteins, triggering signaling cascades leading to activation 

of NFκB, MAPK/ERK, and PI3K, which promote B cell effector functions such as, 

proliferation, cytokine and Ig secretion, isotype switching, and development of B cell 

memory (113, 114). Various studies have shown a critical role for TRAF6 in B cell function 

as a signal transducer of CD40. The key function of TRAF6 downstream of CD40 was 

directly examined by expressing a CD40 mutant that fails to bind TRAF6 or a dominant-

negative TRAF6 molecule in B cell lines. This study shows that TRAF6 is required for IL-6 

and IgM production, and B7 upregulation upon CD40 ligation, but is not essential for NFκB 

translocation or JNK activation (115). Elsewhere, disruption of the TRAF6 binding sites 

alone was shown to have little effect on NFκB and JNK activation, and failure of 

recruitment of TRAF2 and TRAF3 has a more significant effect (116), suggesting the role of 

TRAF6 in B cells is largely redundant with other TRAF proteins. Additionally, by 

generating transgenic mice expressing a mutant CD40 receptor in which TRAF6 or 

TRAF2/3 (and TRAF1/5 recruitment indirectly through interaction with TRAF2/3) binding 

sites are disrupted (117), it was shown that TRAF6 recruitment is required for generation of 

long-lived Ig-secreting bone marrow plasma cells. In germinal center (GC) formation, 

however, TRAF6 exhibits redundancy with TRAF2/3, showing that there exist both TRAF6-

dependent and TRAF6-independent pathways shaping antigen-driven humoral responses 

through CD40 signaling.

Deletion of TRAF6 within the B cell compartment using CD19-Cre mice (TRAF6ΔB) 

further specifies the contributions of CD40 and/or TRAF6 in signaling, function, and 

development of B cells (118). B cells from TRAF6ΔB mice fail to activate MAPK and 

NFκB and to proliferate in response to LPS, CpG-DNA, and anti-CD40 antibody 

stimulation in vitro. The early development of subsets of B cells in the bone marrow (BM) 

of TRAF6ΔB mice is not compromised whereas the B220highIgM+IgD+ mature recirculating 

B cell population in BM is significantly impaired. The percentage of CD19+B220+ cells is 

significantly reduced with more prominent reduction in mature B cells 

(IgMlowIgDhighAA4.1−) while no obvious defect is observed in survival, suggesting that 

TRAF6 regulates a later step in mature B cell development. As expected from the defect in 

CD40 signaling in vitro, isotype switching to IgG1 and IgG2b in response to T cell-
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dependent (TD) antigen and generation of long-lived plasma cells are severely impaired in 

TRAF6ΔB mice. However, other CD40-dependent processes shown in CD40 or CD154 

knockout mice, such as affinity maturation and GC formation are not affected, suggesting 

compensatory mechanisms for TRAF6. TRAF6ΔB mice also show a complete absence of 

CD5+ B-1a cells, which play an important role in clearing pathogens, such as S. pneumonia 

by providing natural antibodies, a phenotype observed in neither CD40-deficient nor 

MyD88/TRIF doubly deficient mice (119). Previously, it was shown that B cell–specific 

deletion of TAK1 results in B220+CD5+ B-1a population reduction in the peritoneal cavities 

(120), showing a similar phenotype with TRAF6ΔB mice. Therefore, these results together 

suggest the TRAF6-TAK1-dependent signaling pathway regulates development of the B-1a 

population. Revealing upstream stimuli that activate TRAF6, or redundancies in CD40 and 

TLR signaling that may regulate B-1a cell development and/or homeostasis will require 

further study. Cumulatively, the TRAF6ΔB phenotype demonstrates the complexity of 

signaling processes necessary for B cell development and function (Fig. 2).

Epstein–Barr Virus (EBV) infection of B cells results in chronic activation and proliferation 

through expression of several proteins, including latent infection integral membrane protein 

1 (LMP1). Transgenic expression of LMP1 in murine B cells leads to hyperplasia and 

lymphoma, suggesting an important role for LMP1 in B cell transformation (121, 122). 

LMP1 resembles a constitutively-activate form of CD40 in B cells. However, the LMP1 

signaling complex and its in vivo function in B cells also have some distinctions compared 

to CD40. Both LMP1 and CD40 induce activation of MAPK and NFκB, cytokine and 

antibody production, and extrafollicular B cell differentiation. However, LMP1, but not 

CD40, interacts with TNF receptor 1–associated death domain (TRADD) adapter protein 

(123). Furthermore, LMP1 expression not only fails to rescue GC formation in CD40−/− 

mice but also actively suppresses GC formation even in the presence of CD40 as 

demonstrated with LMP1 transgenic mice (124). Also, LMP1 and CD40 recruit different 

TRAF complexes for signal transduction. TRAFs 1 and 2 are required for JNK and NFκB 

activation downstream of CD40 but not LMP1 (125). LMP1 exhibits greater utilization of 

TRAF5 to activate B cells than does CD40 (126). In another study, transgenic mice that 

express LMP1 in B cells in the presence or absence of TRAF6 were generated and showed a 

requirement for TRAF6 in B cells for LMP1-mediated development of GC and anti-dsDNA 

antibody production, as well as basal immunoglobulin production and isotype switching 

(127). B cell-specific deletion of TRAF6 has no effect in GC formation or antibody affinity 

maturation following immunization (118). Therefore, TRAF6 deficiency seems to more 

severely affect LMP1 functions than CD40 functions, which also rely on TRAF2 

recruitment. Decreased requirements for functional LMP1 signals would contribute to its 

unrestrained signaling during B cell transformation. The importance of TRAF6 is also 

demonstrated in a study showing the roles of TRAF2 and Nck-interacting kinase (TNIK), a 

germinal center kinase, in LMP-1 and CD40 signaling (128). Functional proteomics 

predicted and co-immunoprecipitation assays confirmed association of TNIK and LMP1 in 

lymphoblastoid cells. siRNA knockdown of TNIK or TRAF6 showed that TNIK is essential 

to JNK activation and canonical NFκB signaling, and that TRAF6 is required for these 

processes by mediating TNIK recruitment to LMP1. CD40 stimulation quickly induces the 

interaction of TNIK and TRAF6 in B cells, and siRNA knockdown of TNIK impairs JNK 
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phosphorylation in human B cells (BL41) following CD40L stimulation, suggesting an 

important role of TNIK in CD40-mediated JNK activation in B cells. Furthermore, a recent 

study demonstrates that TRAF6 is required for class switch recombination (CSR) of DNA in 

B cells, providing additional evidence for TRAF6-dependent B cell function. In another 

study, MyD88 was shown to increase immunoglobulin diversification and production 

through the TNFR superfamily member TACI, which activates the MyD88-IRAK1-IRAK4-

TRAF6-TAK1 pathway (129). It was further demonstrated that TACI signaling converges 

with CD40 and TLR signals through MyD88 recruitment and induces class switch 

recombination (CSR) of DNA in B cells. Expression of a dominant-negative form of 

signaling transducers downstream of MyD88, or immunoprecipitation assays with 2E2 B 

cells reveals that IRAK1, IRAK4, TRAF6, TAK1, and IKKβ are involved in TACI 

signaling. Consistent with these results, MyD88- and IRAK4-deficient patients show a 

defect in activation-induced cytidine deaminase (AICDA) induction, indicating impaired 

CSR. Evidence described here collectively represents TRAF6 as an important cell-intrinsic 

regulator of B cell development and function. As CD40 is a potent immune activator that is 

involved in the pathogenesis and exacerbation of a variety of human autoimmune diseases, 

and LMP1 plays a key role in EBV-mediated human B-cell malignancy, it will be of 

considerable interest to better define the mechanisms by which TRAF6 regulates these 

signaling pathways.

Roles of TRAF6 in myeloid cells

TRAF6 plays various important roles in myeloid immune cells that regulate immune 

responses via control of inflammatory responses, recognition of innate immune signals 

leading to initiation of adaptive immune responses, and homeostasis of microenvironments 

in which immune responses occur. Many TRAF6-associated signaling receptors and 

signaling mechanisms are shared between different types of myeloid cells (in addition to 

common mechanisms shared outside the myeloid lineage), but in this section the focus is on 

the biological requirements of TRAF6-mediated signaling in the contexts of specific 

myeloid cell types, and how those requirements are relevant to immune function.

Macrophages

Macrophages are phagocytic activators and regulators of innate inflammatory immunity that 

play important roles in resolution of microbial infection and wound healing, as well as 

contributing to conditions like obesity, diabetes, and atherosclerosis (130, 131). In response 

to soluble Toxoplasma gondii antigen (STAg), TRAF6 expression in macrophages has been 

shown to be required for induction of the inflammatory cytokine IL-12, which is critical for 

control of parasite infection, in a manner dependent on the p38 MAPK pathway (132). 

Toxoplasma gondii has the capacity to enter macrophages by direct penetration in addition 

to by phagocytosis (133). Another mechanism of Toxoplasma eradication involves vacuole-

lysosome fusion in macrophages via autophapy. This process has been found to been 

triggered by macrophage CD40 activation of the TRAF6 pathway that synergizes with 

TNFR signaling, demonstrating a novel mechanism of anti-parasite immunity as well as a 

physiologically relevant example of TRAF6 signaling crosstalk (134). Interestingly, the 

known anti-viral mediator PKR has recently been shown as a novel target of TRAF6, as it 
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was demonstrated to be activated downstream of CD40-TRAF6 signaling in macrophages in 

order to trigger autophagic vacuole-lysosome fusion in the service of T. gondii killing (135). 

Additional study of CD40 signaling mechanisms in macrophages showed that TRAF6, but 

not TRAF2/3/5, binding sites in CD40 are required for inflammatory cytokine production, 

and that CD40-TRAF6 mediates downstream activation of IKK-NFκB and ERK MAPK 

pathways (136). Another study investigated the role of cholesterol depletion by the parasite 

Leishmania major and its potential role in subverting inflammatory TRAF6 signaling. It was 

demonstrated that TRAF6 and TRAF2/3/5 form distinct CD40 signalosomes in L. major-

infected macrophages, such that in the absence of cholesterol, TRAF6 is prevented from 

inducing IL-12 and is instead complexed with the kinase Lyn to promote signaling that 

results in production of the immunomodulatory cytokine IL-10 (137).

In addition to anti-microbial immunity, macrophages are also involved in chronic 

inflammatory pathology such as atherosclerosis, where macrophages accumulate in a 

cholesterol-associated manner along arterial walls (131). CD40 signaling in macrophages is 

an important component of this pathology. In a mouse model of atherosclerosis, CD40L 

blockade or CD40 deficiency mitigate disease, work to examine the TRAF signaling 

dependency of atherogenesis showed that TRAF6, not TRAF2/3/5, binding sites in 

hematopoietically-expressed CD40 on a pro-atherogenic polipoprotein-deficient (ApoE−/−) 

background are required for monocyte recruitment to the arterial wall and in the absence of 

CD40-TRAF6 signaling macrophages preferentially differentiate toward the anti-

inflammatory M2 fate (138). To directly address the role of TRAF6 in atherogenesis, 

another group induced specific genetic deletion of TRAF6 in either the endothelial or 

myeloid lineages on the ApoE−/− background (139). Interestingly, it was found that while 

endothelial TRAF6 deficiency mitigated disease development, the absence of TRAF6 in 

myeloid cells resulted in exacerbated disease, characterized by diminished production of the 

protective anti-inflammatory cytokine IL-10 by macrophages. In contrast to the study 

focusing only on the role of CD40-TRAF6 signaling, this case encompasses potential TLR-

TRAF6 and TGFβR-TRAF6 signaling as well, which may represent potentially important 

anti-atherogenic mechanisms. Together, these studies show that regulation of TRAF6 

signaling within macrophages undergoes complex regulation in order to maintain a balance 

between protective and pathogenic inflammation.

A newly discovered mechanism of TRAF6 function has begun to clarify how reactive 

oxygen species produced by mitochondria (mROS) in macrophages contributes to immune 

responses against intracellular bacteria (140). mROS production is triggered by TLR 

signaling, and was revealed to involve recruitment of TRAF6 to the mitochondria where it 

interacts with the mitochondrial respiratory chain assembly mediator protein ECSIT. 

Apparent ubiquitination of ECSIT by TRAF6 is associated with increased mROS 

production, and ECSIT- or TRAF6-deficient macrophages exhibit defective TLR-induced 

ROS production and intracellular bacteria killing. This study not only promotes the 

importance of mitochondria as platforms for immune signaling, it further expands our 

understanding of where TRAF6 may function within the cell. Characterization of the 

mitochondrial anti-viral signaling mediator MAVS/VISA/IPS-1/Cardif and its interaction 

with TRAF6 has also suggested possible localization of TRAF6 to the mitochondria (22). 
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These findings also may also have implications in other cell types, such as effector-

contracting CD8 T cells, where TRAF6 deficiency results in defective mitochondrial fatty 

acid oxidation in response to unknown (TRAF6-activating) stimuli (110). Future efforts may 

further focus not only on TRAF6 signaling pathways and interaction partners, but also on 

TRAF6 subcellular location in response to specific stimuli. Additionally, it will be 

interesting to determine whether activation of kinase pathways associated with ROS-

dependent TRAF6 activity, such as ASK1-p38, is triggered by TRAF6 mitochondrial 

translocation (40).

Dendritic cells

TRAF6 has multiple important roles in dendritic cell (DC) biology, including regulating DC 

activation, survival, homeostasis, and tolerance (Fig. 4). The identified roles of TRAF6 in 

DCs can be divided into those attributed to specific receptor signaling pathways, and those 

inferred from phenotypic changes in TRAF6-deficient DCs, but which have not necessarily 

been linked to modulation of specific receptor activity. In the former category, TRAF6 in 

DCs is a critical mediator of the TNFRSF members CD40 and RANK. The ligand for 

RANK, RANKL (also called TRANCE, ODF, and OPG-L) was originally identified as a 

cytokine expressed by T cells that enhanced bone marrow-derived DC (BMDC) survival 

(141, 142), and TRAF6, which was subsequently shown to bind at multiple sites in the 

intracellular region of RANK (along with multiple other TRAFs), is shown by dominant-

negative TRAF6 overexpression to be required for optimal NFκB activation (143). 

Similarly, CD40, for which TRAF6 (and various other TRAFs) have been extensively 

characterized (primarily in B cell models) as mediating downstream activation of NFκB and 

MAPK pathways, is expressed by DCs and is shown to enhance survival as well as DC-T 

cell interactions (144). Though CD40-deficient DCs exhibit normal activation of T cell 

responses, simultaneous blocking of RANK results in defective anti-viral CD4 T cells 

responses, suggesting redundant roles for RANK and CD40 in DC-mediated immunity 

(145). TRAF6 also regulates RANK- and CD40-mediated BMDC activation of Akt/PKB, 

another candidate pathway for promoting survival, in a mechanism that involves c-Src 

activation and requires the scaffolding protein Cbl-b (27). TRAF6−/− mice and bone 

marrow chimeras were used in a study to explicitly investigate the role of TRAF6 in 

development and activation of DCs in the context of acute inflammatory immunity. Results 

showed first that TRAF6 is required for normal homeostasis of the splenic DC compartment, 

with TRAF6-deficient mice exhibiting a specific severe defect in the CD4+CD11b+ DC 

subset that encompasses more than half of total splenic DCs (146). Further, both BMDCs 

and splenic DCs from TRAF6-deficient mice fail to upregulate MHC and costimulatory 

surface markers, and fail to elaborate inflammatory cytokines in response to stimulation with 

either CD40L or various TLR ligands. It should be noted that TRAF6-deficient and MyD88-

deficient DCs exhibit similar defects in response to TLR ligand engagement, suggesting a 

common signaling pathway (147). Not surprisingly, antigen-loaded TRAF6-deficient DCs 

exhibit defective capacity to activate antigen-specific CD4 T cells in situ (146). However, 

studying the role of TRAF6 in DCs using complete knockout mice presents a problem first 

with isolating DC-specific defects in the context of manifold TRAF6-dependent immune 

processes, and second, with unintentionally activating DC through ex vivo manipulation. In 

a more recent study mice harboring DC-specific TRAF6 deletion (TRAF6ΔDC) were 
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generated, enabling study of DC biology in situ, and the effects of DC TRAF6 signaling on 

immune homeostasis. Surprisingly, while splenic DCs in TRAF6ΔDC mice exhibited 

similar deficiencies in driving acute Th1 immunity, TRAF6ΔDC mice spontaneously 

developed Th2-associated inflammation and fibrosis specifically in the small intestine (148). 

This disease phenotype was found to be associated with defective Treg homeostasis, and 

could be ameliorated with broad-spectrum antibiotics treatment, which initially suggested 

TRAF6ΔDC-associated inflammation is triggered by gut commensal microbiota. However, 

when TRAF6ΔDC are re-derived on a germ-free background lacking microbiota the 

phenotype is exacerbated, though still capable of being ameliorated by antibiotics 

(unpublished observation). Because TRAF6 signaling in DCs appears to be a critical factor 

for controlling gut immune homeostasis in a manner that is independent of commensal 

microbiota, and because this model is relatively unique in its anatomic specificity and 

spontaneous nature, it is now important to determine what other factors may be triggering 

this condition in order to draw potential parallels to human autoimmune disease. It is also 

notable that mice lacking MyD88 specifically in the DC compartment do not exhibit 

intestinal autoimmune pathology similar to TRAF6ΔDC, suggesting that the upstream 

receptors involved in this disease are TLR-independent (148, 149). Additional work will be 

required to identify the relevant stimuli.

Osteoclasts and osteoimmunology

Bone is a critical component of the immune system, as the bone marrow serves as a 

reservoir for hematopoietic stem cells and long-lived plasma cells, as well as a key 

repository for various immunoregulatory factors including TGFβ. Bone is developed and 

maintained by the competing actions of osteoblasts, which build bone and osteoclasts, which 

resorb bone (150). Disruption in the balance of these actions can result in developmental 

defects, such as failure to form a bone marrow cavity, or lead to loss of bone strength via 

osteoporosis or osteopetrosis. Interestingly, while osteoblasts derive from mesenchymal 

stem cells, osteoclasts derive from the myeloid lineage and are closely related to DCs (151). 

In fact, the same cytokine, RANKL that was discovered as promoter of DC survival was 

also shown to be expressed in the bone by osteoblasts and stromal cells, and to act as a 

strong inducer of osteoclastogenesis (152). Further, genetic deletion of RANKL or its 

receptor RANK showed that these factors are absolutely essential to osteoclast development, 

as mice lacking either gene exhibit severe osteopetrosis, occluded bone marrow cavities, 

failure of tooth eruption, and near absence of detectable osteoclasts (153, 154). While 

RANK signaling in osteoclasts is mediated by various TRAFs (143, 155), it was not initially 

clear which factor was the key activator of the relevant functions downstream of RANK in 

osteoclasts. The phenotype of TRAF6-deficient mice, which nearly exactly phenocopied all 

the bone-related phenotypes of RANKL- and RANK-deficient mice, made clear that TRAF6 

is the critical downstream mediator of RANK with respect to osteoclast development and 

maintenance (3). Further studies show that within its role as a regulator of osteoclast 

differentiation and function, TRAF6 mediates RANK-dependent NF-κB, MAPK, and 

Akt/PBK signaling (29, 143, 155), osteoclast maturation and cytoskeletal rearrangement 

(156), as well as induction of reactive oxygen species (ROS) pathways necessary for optimal 

osteoclastogenesis (157). TRAF6-mediated RANK signaling is also required for expression 

of the osteoclast master regulatory transcription factor NFATc1 (158, 159). Experimental 
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evidence using overexpression of chimeric receptors further suggests that the specific 

capacity of RANK, but not the closely related receptor CD40 to drive osteoclastogenesis is 

due the greater number of TRAF6 binding sites in RANK, and hence stronger potential 

TRAF6-mediated signaling as compared to CD40 (41). Inhibitory mechanisms specific to 

osteoclast RANK signaling have been identified that target TRAF6 and prevent excessive 

osteoclast activity. For instance, in osteoclasts, but not macrophages, RANK induces 

expression of the dual-function cytoplasmic adaptor/transcriptional co-activator/co-repressor 

four and half LIM domain 2 (FHL2), which associates with TRAF6 and sequesters it in the 

nucleus (160). The hyper-resorptive phenotype of FHL2-deficient mice demonstrates its 

importance as a negative regulator of TRAF6-mediated osteoclastogenesis (161). Further, 

the de-ubiquitinase CYLD has been shown to inactivate TRAF6 downstream of RANK in 

osteoclasts, as evidenced by removal of polyubiquitin chains, and the physiologic relevance 

of this mechanism is supported by the phenotype of CYLD-deficient osteoclasts, which 

exhibit hyper-responsiveness to RANK (47).

Study of interplay between bone and the immune system is conducted under the banner of a 

joint field called osteoimmunology (162). One of the definitive examples of 

osteoimmunology is redirection of RANKL expressed by T cells to prolong interactions 

with DCs to promoting osteoclastogenesis by engaging immature osteoclasts or osteoclast 

precursors. In some cases this can result in severe pathology, such as in the case of 

osteoarthritis, where RANKL-triggered osteoclasts degrade the joints. The inflammatory 

cytokine TNFα, which can trigger TRAF6 signaling pathways, also promotes 

osteoclastogenesis when in synergy with RANKL (163), though work with TRAF6-deficient 

cells show that TRAF6 is dispensable for RANKL-independent osteoclastogenesis driven by 

TNFα plus TGFβ, so it remains unclear whether TRAF6 contributes to TNFα-mediated 

osteoclast differentiation or function (164). IL-1 also has dual function in the immune 

system and bone, signaling in osteoclasts through TRAF6 and induces co-localization of 

TRAF6 and c-Src to the osteoclast actin ring (165). A mechanism that short-circuits this 

type of pathology has evolved, in which IFNγ produced by T cells induces proteasomal 

degradation of TRAF6 in osteoclast precursors, thus preventing RANK-mediated signaling 

(166). Another potential negative regulatory mechanism that may prevent excessive 

osteoclast formation in the presence of immune response against infection is the apparent 

negative regulation of RANK-mediated pre-osteoclast to osteoclast transition when TLRs 

expressed directly on the pre-osteoclast are triggered (167). TLR ligands are typically 

microbial products that strongly activate DCs and other inflammatory elements, and while 

some TLR ligands, such as endotoxin/LPS are known to promote pathogenic 

osteoclastogenesis in the presence of chronic bacterial infection, this effect may occur 

through indirect action of TNFα (168). Because osteoclasts share a lineage with DCs, it is 

not surprising that they also express a wide variety of TLRs, but what is vexing is that 

TRAF6 is a key signaling mediator of both pro- (RANK) and anti- (TLR) osteoclastogenic 

receptors within the same cell. This is one example of how diverse the function of TRAF6 is 

in regulating immunity, and shows that additional effort is required to further define how 

TRAF6 signaling can be subtly adjusted in such contexts.
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MicroRNA-mediated regulation of TRAF6 function

MicroRNAs (miRNA) represent a second order level of negative gene regulation that may 

function in either or both a cell type- and stimulation-specific manner, often serving within 

an auto-regulatory feedback loop (169). miRNAs genes products, transcribed independently, 

as polycistronic clusters, or within intronic regions of coding genes, are sequentially 

processed by the RNase III Drosha and the endoribonuclease Dicer to form a mature 22-

basepair double-stranded RNA, which binds, as part of the cytoplasmic multi-protein RNA-

induced silencing complex (RISC) to the 3’ untranslated region (UTR) of a target mRNA, 

thereby effecting target transcript degradation (170). There are currently hundreds of known 

miRNAs that regulate various aspects mammalian gene expression, and a smaller group that 

have been shown to specifically regulate innate and adaptive immune responses (171). One 

miRNA in particular, miR-146a, has been shown to modulate immune function by directly 

targeting the transcript for TRAF6 by binding to multiple sites in the TRAF6 3’ UTR (172). 

While miR-146a-dependent degradation of TRAF6 mRNA prevents production of new 

TRAF6 protein, existing protein can continue to function. Therefore, miRNA may be 

described as a gradual means of winding down an inflammatory response. It should be noted 

that miR-146a, like many miRNAs has additional, functionally related targets, including 

IRAK family members, so the effects of its expression are difficult in a given context to link 

directly to TRAF6 inhibition (172). The critical importance of miR-146a to immune 

homeostasis is demonstrated by miR-146a knockout mice, which exhibit enhanced 

responsiveness to endotoxin, hyperproliferation of myeloid cells in secondary lymphoid 

tissues, and eventual development of autoimmune disease and malignant tumors (173, 174). 

In attempting to understand the basis for these phenotypes, it has been shown that TRAF6 is 

not only a target of miR-146a, but also a key regulator of its expression. miR-146a 

expression is induced by a broad array of pattern recognition receptors (PRRs), including 

TLR4, which utilize TRAF6 for activation of NFκB, a transcription factor family for which 

the miR-146a promoter contains multiple binding sites (175). Expression of miR-146a and 

its targeted degradation of TRAF6 mRNA then feeds back to inhibit further NFκB-

dependent gene expression, including inflammatory gene targets IL-6, IL-8, IL-1β, and 

TNFα (172, 173, 175, 176). In response to infection of mouse macrophages with vesicular 

stomatitis virus (VSV), miR-146a is induced through the RIG-I pathway and production of 

the anti-viral cytokine type-I interferon is associated with miR-146a-mediated inhibition of 

TRAF6, as well as IRAK-1 and IRAK-2 expression (176). Importantly, potential relevance 

of miR-146a inhibition of expression of TRAF6 to human disease has also been shown. In a 

study of the myelodysplastic 5q- syndrome, loss of expression of miRNAs miR-145 (which 

targets the TLR adapter TIRAP) and miR-146 was correlated with deletion of chromosome 

5q, and experiments using an animal model of disease suggested that resulting TRAF6 over-

expression in progenitor cells recapitulates disease phenotypes (177).

While miR-146a has primarily been characterized as a regulator of innate immune 

responses, recent work has demonstrated that its expression in T cells can be induced by 

TCR-triggered NFκB activation (178). Further, examination of miR-146a-deficient T cells 

reveals hyper-responsiveness to both acute and chronic autoimmune antigens that is 

associated with enhanced NFκB activity, and increased expression of (i.e., failed inhibition 
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of) TRAF6 and IRAK-1 expression (178). Interestingly, because T cell-specific deletion of 

TRAF6 also leads to spontaneous loss of immune tolerance and hyper-responsiveness to 

antigen (84), it may be important in this context to determine what the effects are of jointly 

targeting both TRAF6 and miR-146a in a T cell-specific manner on immune homeostasis. 

This approach may clarify TRAF6-dependent and – independent roles of miR-146a in T cell 

regulation, including whether TRAF6-dependent signals are required for miR-146a 

induction in response to TCR activation. It has also been shown that miR-146a expression in 

Treg cells is critical for Treg-mediated suppression of Th1 responses in a manner that is 

believed to be related to failed inhibition of STAT1 expression (179). Because recent studies 

have identified a requirement for cell-intrinsic TRAF6 signaling for proper Treg function 

and maintenance of Foxp3 expression (108), it may be interesting to determine whether 

miR-146a functions with some degree of specificity in Tregs

While miR-146a is the best-characterized miRNA that targets TRAF6 expression, other 

miRNAs with specificity for TRAF6 have been identified. miR-146b, for instance, shares a 

very similar sequence with miR-146a, but is expressed from a unique gene locus on a 

separate chromosome. Additionally, miR-146b expression, at least in monocytes, appears 

delayed compared to miR-146a, and is induced through the STAT3 pathway (180). Another 

recent study shows that the miRNA mir-124, which is induced by acetylcholine inhibition in 

murine bone marrow-derived macrophages directly targets TRAF6, which then attenuates 

the capacity of those cells to transduce TLR-mediated signals (181). This area of research 

will require much additional targeted effort in order to better the mechanisms by which 

TRAF6 signaling is modulated in both cell- and stimuli-dependent manners. In particular, 

because TRAF6 can potentially be activated through multiple receptor families within a 

given single cell, it will be of interest to determine whether a form of crosstalk occurs 

involving miRNA targeting of TRAF6.

Concluding Remarks

Even when only looking within the immune system, the manifold roles of TRAF6 seem ever 

expanding, which leads to one of the most pressing open questions surrounding TRAF6 

biology: how does a single protein affect such various outcomes, downstream of such a 

variety of signaling receptors, even when sometimes coordinating apparently conflicting 

signals within the same cell? This issue is even more confounding when considering that 

virtually all TRAF6-dependent functions appear to rely on the activity of a single RING 

finger domain. And there remain TRAF6-dependent phenotypes, such as in T cell- or DC-

targeted mice, in which it is currently unclear which or how many upstream receptors are 

active in maintaining TRAF6-regulated homeostasis. In order to begin to better understand 

the competing functions of TRAF6 within the immune system, additional work will have to 

be done to not only target TRAF6 within specific cell lineages, but also to inactivate TRAF6 

in a temporal manner so that the effects of TRAF6 downstream of a given stimuli can be 

distinguished from lingering effects of developmental/differentiation defects. Another 

method by which this issue can be addressed is to further define (and/or target) specific 

TRAF6-binding motifs so that new studies employing mutant receptors or adaptors, such as 

those in the TGFβR and TCR pathways, can be initiated to examine stimuli-specific TRAF6-

dependent effects in cell types that utilize TRAF6 simultaneously within multiple signaling 
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pathways. Finally, while the RING finger domain and the E3 ligase activity it confers on 

TRAF6 are clearly critical for active signaling, potential negative regulatory roles of 

TRAF6, as well as inter-pathway crosstalk, may involve TRAF6 for RING-independent 

target sequestration, but in a manner that is too subtle to be experimentally resolved using 

current over-expression approaches. Discovery of potential immunomodulatory effects of 

RING-deficient TRAF6 may require physiologic expression. With respect to the broader 

role of TRAF6 in controlling immune homeostasis and function between different cell types, 

it is interesting that TRAF6 plays a critical role in transducing signals downstream of APC-

associated “innate” receptors, such as TLRs, that communicate non-self threats to the 

adaptive immune system, while at the same time, TRAF6 also acts as a negative of 

“adaptive” receptor signaling downstream of TCR, raising additional questions about the 

evolutionary pressures that shaped its functional roles. In particular, the observations that 

deletion of TRAF6 in either T cells or DCs results not in defective cellular activation, but 

rather spontaneous induction of Th2 immunity may suggest a broader conserved function for 

TRAF6 concerned more with favoring inflammation rather than distinguishing self from 

non-self. By further investigating these questions and others, we can achieve more detailed 

contextual understanding of the vast biological functions of TRAF6, and hopefully render it 

a suitable target for therapeutic disease interventions.
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Figure 1. 
TRAF6 signaling mechanisms. A generalized schema for TRAF6 signal transduction 

downstream of various receptor families is depicted. TRAF6 is broadly expressed, but most 

immune cells restrict its activity through selective expression of receptors used to activate it. 

TRAF6 interacts directly, through TRAF6 binding motifs, with some receptor types, 

including TNFR superfamily members (represented here by RANK), and TGFβRI. In other 

cases TRAF6 is linked to the receptor via intermediary proteins, such as Act1 for the IL-17R 

family, the MALT1-CARMA1-Bcl-10 complex downstream of TCR, the MyD88-IRAK4-

IRAK1/2 complex downstream of some TLR/IL-1R superfamily members (e.g., TLR7/8/9, 

TLR2/4, IL-1/18/33R), and TRIF for others (e.g., TLR3/4). Upon activation, TRAF6 forms 

a complex with the E2 Ubiquitin conjugating enzyme Ubc13/Uev1a and attaches K63-linked 

ubiquitin chains to lysine residues on various target proteins, including itself and IKKγ/

NEMO. These ubiquitin chains enable the formation of complexes that lead to kinase 

activation through adaptors, such as TAB2/3, that contain ubiquitin-binding domains. 

TAB2/3 recruit the kinase TAK1, which phosphorylates downstream kinases, such as IKKβ 

and MAPK. These events lead to activation of the transcription factors NFκB and AP-1, 

respectively. In addition to TAK1, TRAF6 lies upstream of additional kinases, such as 

MEKK3, which leads to NFκB (and possibly AP-1) activation, ASK1, which lies upstream 

of p38 MAPK, and in the TLR3 complex TRAF6 may lead to RIP1 activation, which may 

tbe involved in TAK1 activation. Negative regulation of K63-linked ubiquitin chain-

mediated TRAF6 signaling is provided by the de-ubiquitinating enzyme A20 and its adaptor 

TAX1BP1, which lead to signal termination both by removing K63-linked chains, but also 

by directing K48-linked ubiquitin-mediated proteasomal degradation of Ubc13. In some 

cases additional scaffolding proteins associated with a receptor engage TRAF6 to activate 

downstream signaling. In RANK signaling, TRAF6 is recruited to Cbl family scaffolding 

complexes that recruit Src family kinases, which activate Akt/PKB via PI3 kinase. TRAF6 

activity is often coordinated with other TRAFs, such as TRAF2/5 at the RANK receptor, 

and TRAF3 in some TLR complexes. TRAF3-TRAF6 coordination may be important for 

activation of the IRF family of transcription factors.
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Figure 2. 
TRAF6 regulation of adaptive immune function and homeostasis. The roles of TRAF6 in 

lymphocytes are illustrated based on data gathered from studies that employed cell-specific 

deletion of TRAF6. TRAF6 plays an important role in maintaining central tolerance as well 

as peripheral immunity. See text for further detail. (+) TRAF6 functions as a positive 

regulator; (−) TRAF6 functions as a negative regulator.
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Figure 3. 
TRAF6 in T lymphocyte activation and differentiation. (A) Upon TCR stimulation, TRAF6 

negatively regulates PI3K-Akt activation and restrains IL-2 production and proliferation by 

enforcing a requirement for costimulation. Absence of TRAF6 expression results in T cells 

that are refractory to Treg-mediated suppression, and that resist anergy induction in a 

manner associated with decreased expression of the pro-anergy factor Cbl-b. TCR-

dependent activation of NFκB is critical for both T cell activation and differentiation, and 

currently conflicting evidence exists regarding the requirement for TRAF6 for activation of 

this pathway. (B) OX40-triggered TRAF6-dependent non-canonical NFκB activation, in 

combination with TGF-β and IL-4, is important for Th9 cell differentiation. TRAF6 

activates NIK, which mediates the processing of p100 to p52, leading to generation of p52-

RelB complexes. OX40-OX40L-dependent Th9 polarization is independent of PU.1, a key 

transcription factor for Th9 cells. (C) TRAF6 is an important regulator of IL-17R signaling 

as well as Th17 differentiation. TRAF6 is recruited to IL-17 receptor and activated through 

Act1, an adaptor protein and E3 ubiquitin ligase, and subsequently transduces signals to 

activates NFκB and MAPK pathways. TRAF6 also functions as an inhibitor of TGF-β-

induced Smad2/3 activation, and TRAF6ΔT T cells cultured under Th17 conditions with 

TGF-β and IL-6 exhibit increased Th17 differentiation due to enhanced TGF-β-mediated 

inhibition of expression of IL-2. (D) TRAF6 is essential in memory CD8+ T cell 

differentiation in response to listeria infection. TRAF6ΔT CD8+ T cells fail to differentiate 

into memory cells following normal primary expansion. This defect can be mitigated by 

pharmacologically enhancing AMPK activity, or by inhibiting mTOR activity. As a process 

regulated downstream of AMPK, fatty acid oxidation levels may function as cellular 

rheostat for determining memory precursor potential.
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Figure 4. 
Multiple roles for TRAF6 in dendritic cell function. TRAF6 has multiple important roles in 

dendritic cell (DC) biology, including regulating DC activation, survival, homeostasis, and 

tolerance. (A) TRAF6 in DCs is a critical mediator of CD40 and RANK, which function to 

enhance DC survival and DC-T cell interactions in the lymph nodes. (B) TRAF6 signaling 

through an undetermined receptor(s) (?) is required for normal homeostasis of the splenic 

DC compartment, with TRAF6-deficient mice exhibiting a specific severe defect in the 

CD4+CD11b+ DC subset. Splenic DCs from TRAF6-deficient mice fail to upregulate MHC 

and costimulatory surface markers like B7-2/CD86, and fail to elaborate inflammatory 

cytokines like IL-12 in response to stimulation with either CD40L or various TLR ligands, 

including LPS and CpG DNA, likely due to TRAF6-dependent TLR and CD40 signaling. 

As a result, TRAF6-deficient DCs exhibit defective capacity to activate antigen-specific 

CD4 T cells to become IFNγ-producing Th1 cells. (C) TRAF6ΔDC mice, in which TRAF6 

is specifically deleted in DCs, spontaneously develop MyD88-independent Th2-associated 

inflammation and fibrosis specifically in the small intestine, as well as diminished Treg 

numbers. Broad-spectrum antibiotics (Abx) treatment blocks development of TRAF6ΔDC 

intestinal phenotypes, while ablation of commensal microbiota via germ-free re-derivation 

exacerbates TRAF6ΔDC intestinal phenotypes. While microbiota-dependent TLR 

stimulation is likely TRAF6- and MyD88-dependent and required for lamina propria DC 

production of inflammatory cytokines like IL-12 that induce Th1 differentiation, TRAF6 

signaling (but not MyD88 signaling) through an undetermined receptor(s), (?), is required 

for regulation of these DC-intrinsic processes. It is also unclear what DC TRAF6-dependent 

tolerigenic factor(s), (??), produced by lamina propria DCs that both promotes Tregs and 

inhibits spontaneous Th2 differentiation. It is possible that reduced Tregs leads to 

unrestrained Th2.
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