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Tumor necrosis factor receptor (TNFR)-associated factor 3
(TRAF3) plays context-specific roles in multiple receptor-
mediated signaling pathways in different cell types. Mice
lacking TRAF3 in T cells display defective T-cell-mediated
immune responses to immunization and infection and
demonstrate defective early signaling via the TCR complex.
However, the role of TRAF3 in the function of GITR/
TNFRSF18, an important costimulatory member of the TNFR
superfamily, is unclear. Here we investigated the impact of T
cell TRAF3 status on both GITR expression and activation of
specific kinases in the GITR signaling pathway in T cells. Our
results indicate that TRAF3 negatively regulates GITR func-
tions in several ways. First, expression of GITR protein was
elevated in TRAF3-deficient T cells, resulting from both tran-
scriptional and posttranslational regulation that led to greater
GITR transcript levels, as well as enhanced GITR protein sta-
bility. TRAF3 associated with T cell GITR in a manner
dependent upon GITR ligation. TRAF3 also inhibited several
events of the GITR mediated early signaling cascade, in a
manner independent of recruitment of phosphatases, a mech-
anism by which TRAF3 inhibits signaling through several other
cytokine receptors. These results add new information to our
understanding of GITR signaling and function in T cells, which
is relevant to the potential use of GITR to enhance immune
therapies.

Glucocorticoid-induced TNFR-related protein (GITR,
CD357, TNFRSF18) is a type 1 transmembrane cell surface
protein expressed by most immune cell subsets, including T
regulatory cells (Treg) (1), conventional CD4+ and CD8+ T
cells (2), invariant natural killer T cells (NKT) (3, 4), and at low
levels by B cells, NK cells, macrophages, and dendritic cells (5,
6). GITR-derived signals are indispensable for both CD4+ and
CD8+ T cells to mount maximal immune responses against
both viral infections and tumors (1, 7–10). GITR ligand
(GITRL, TNFSF18) is found on antigen-presenting cells
(11–13) and endothelial cells (14–17). When combined with
suboptimal CD3 stimulation, GITR engagement by GITRL
triggers enhanced expansion of CD4+ and CD8+ T cells and
augments production of IFN-γ, IL2, and CD25 expression
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(2, 18, 19). GITR induces enhanced expression of Bcl-XL, a
prosurvival factor, in TCR-activated CD8+ cells (15). In Treg,
which have high levels of GITR expression, GITR signaling
participates in regulation of proliferation and modulation of
suppressive function (5, 20, 21). Targeting GITR via anti-GITR
agonistic antibody (22–25), recombinant Fc-GITRL proteins
(26–28), or engineered Chimeric Antigen Receptor T cells
(CAR-T) expressing recombinant receptors with the GITR
cytosolic domain (29–31) can exert potent therapeutic activ-
ities. However, GITR-mediated intracellular signaling remains
only partially characterized. GITR has a relatively short
intracellular domain that does not possess intrinsic enzymatic
activity (18, 32). As is typical of TNFR superfamily (TNFRSF)
members, GITR relies upon recruitment of signaling adaptors,
primarily the TNFR-associated factors (TRAFs) to mediate
downstream signaling (18). GITR-induced activation of NFκB,
mitogen-activated protein kinases (MAPKs), and the ribo-
somal protein S6 pathway require TRAF2 and TRAF5
(10, 18, 33). However, little is known about other regulatory
components of the GITR signaling complex, such as inhibitory
factors that may restrain GITR signaling. TRAF3 interacts with
the cytoplasmic domain of GITR (14, 34), and we speculated
that it may serve as a positive or negative regulator. Here we
report that the adapter TRAF3 inhibits T cell GITR function,
via several mechanisms.

TRAF3 regulates multiple signaling pathways via various
molecular pathways (35). One canonical function of TRAF3 is
regulation of NFκB2 activation. NFκB2 (p52 and its precursor
p100) plays a central role in the immune system by regulating
processes ranging from the development and survival of lym-
phocytes and lymphoid organs to the control of immune re-
sponses and malignant transformation, especially in B cells.
Roles of this pathway in survival, activation, and differentiation
of diverse subtypes of immune cells under many pathological
settings have been demonstrated (36). The proteolytic gener-
ation of p52 from its p100 precursor is triggered by the up-
stream kinase NIK, which is tightly regulated by the TRAF2/
TRAF3/cIAP ubiquitination complex (37). TRAF3 is also
essential to promote T-cell-mediated immune responses,
evident from the impaired immunity of mice with a T cell
conditional Traf3 deficiency (38). We previously showed
TRAF3 is required for enhancing early TCR signaling, which
primes many other T cell effector functions (38–40). TRAF3
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TRAF3 restricts GITR function in T cells
also regulates the differentiation and function of Treg (41) by
recruiting the phosphatase PTPN2 to the IL-2 receptor. There,
PTPN2 inhibits IL-2R signaling by dephosphorylating JAK/
STAT pathway components (42). Similarly, TRAF3 facilitates
association of the phosphatase PTPN22 with Janus-activated
kinase 1 (JAK1) and thus functions as an inhibitor of IL-6R
signaling in B cells (43). In contrast, TRAF3 promotes TCR
and IL-15R-mediated iNKT cell differentiation (44). The
impaired TCR signaling in TRAF3-deficient T cells is due in
part to increased plasma membrane localization of the phos-
phatase PTPN22 and the inhibitory kinase Csk (40). These
precedents indicate that relocalization of cellular phosphatases
is one strategy utilized by TRAF3 to exert its regulatory
functions (39). A remaining knowledge gap in understanding
the essential role of TRAF3 in regulating T lymphocyte
functions is how TCR costimulatory signals are impacted by
TRAF3. GITR is constitutively expressed by T cells, not
requiring prior TCR signals to induce its expression (2, 45).
Here we show that in contrast to its promotion of TCR
signaling, TRAF3 inhibits both GITR expression and GITR-
mediated early signaling events, highlighting the diverse roles
of TRAF3 in signaling pathways in T lymphocytes.
Results

TRAF3 restricts GITR expression by T lymphocytes

TRAF3 is required for optimal TCR-mediated signals to
T cells (38, 40). Expression of TCR costimulatory TNFRSF
receptors often requires TCR stimulation (46). An exception is
GITR, which is constitutively expressed by resting T cells (47).
We thus wondered whether GITR expression is impacted by
T cell TRAF3. We first examined the amount of GITR on the
surface of Traf3−/− primary mouse T cells compared with
those from wild-type littermate control (LMC) mice, either
unstimulated or following engagement of CD3 and CD28.
T cells lacking TRAF3 displayed enhanced expression of GITR
surface protein, either before or after CD3+CD28 stimulation
(Fig. 1A). As a complementary model, we deleted Traf3 in the
mouse T cell line 2B4 as described in Experimental procedures
and observed the same trend of increased membrane GITR
expression in the absence of TRAF3 (Fig. 1, B and C).

T-Traf3−/− mice have a 2- to 3-fold greater frequency of
Foxp3+ regulatory T cells (Treg), resulting from enhanced
differentiation of Treg precursors to mature Treg cells (42).
This occurs because T cell TRAF3 normally recruits the
phosphatase PTPN2/TCPTP to the IL-2R, to inhibit early
signaling events (42). Treg expresses higher levels of GITR than
conventional T cells (1), so we asked if the increased frequency
of Treg in the T-Traf3−/− mouse accounts for the overall
elevated expression of GITR seen in Figure 1A, although this
could not account for the increased GITR expression by
TRAF3-deficient 2B4 cell subclones shown in Figure 1, B and
C. As expected, we isolated approximately 2-fold more Treg
from T-Traf3−/− than LMC mice (Fig. S1). To examine the
contribution of this expanded Treg population to the observed
enhancement in GITR expression in T-Traf3−/− T cells, we
measured relative GITR levels on total T cells compared with
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those separated on the basis of FoxP3 expression. We found
that the FoxP3+ population did not display a notable difference
in GITR levels between TRAF3-sufficient and TRAF3-deficient
T cells; GITR was increased in both total (1F) and FoxP3− (1D)
T cells (Fig. 1, D–G). Therefore, elevated GITR expression in
T-Traf3−/− mice was not due to the increased Treg
subpopulation.

To determine how TRAF3 restrains GITR expression, we
investigated two stages impacting protein levels—transcription
and posttranslational degradation (protein turnover). TRAF3
deficiency resulted in a ≥ 5-fold increase in GITR mRNA in
both unstimulated and CD3+CD28-stimulated 2B4 (Fig. 1H)
and mouse primary total T cells. (Fig. 1I). We also monitored
GITR protein turnover rates by inhibiting protein synthesis
with cycloheximide. In 2B4 T cells lacking TRAF3, the rate of
GITR degradation was markedly decreased compared with
WT T cells (Fig. 2). Thus, reduced GITR expression by
TRAF3-sufficient T cells correlates with reduced GITR gene
expression, as well as potential effects on protein stability.
Role of noncanonical NFκB2 activation in enhanced
expression of GITR by TRAF3-deficient T cells

The transcription factors NFκB and FoxP3 regulate GITR
transcription (48, 49). Constitutive activation of NFκB2 is seen
in all TRAF3-deficient cell types examined to date, including
T lymphocytes (50). We thus investigated the role of this
elevated NFκB2 in the elevated GITR expression seen in
T cells lacking TRAF3. Processing of the precursor protein
p100 to p52 was induced following GITR stimulation in
TRAF3-sufficient 2B4 cells and primary mouse splenic T cells.
Both 2B4 cells and primary T cells lacking TRAF3 exhibited
constitutively elevated p52, as previously reported (38, 51)
(Fig. 3, A and B). NFκB2 activation occurs when receptors
such as CD40 recruit cytoplasmic TRAF3, together with
associated TRAF2 and cIAP, to the receptor. TRAFs 2 and 3
are then themselves polyubiquitinated and degraded (37).
This releases the NFκB inducing kinase (NIK), normally
constitutively targeted for degradation by this complex, to
activate the NFκB2 pathway (37). Interestingly, long-term
GITR stimulation also led to degradation of TRAF3 in
T cells (Fig. S2, A and B). We considered the possibility that
elevated NFκB2 activation mediated by NIK contributed to
enhanced GITR expression in T cells lacking TRAF3. To test
this, we used the NIK-specific kinase inhibitor NIK-SMI, an
ATP competitive SMI. NIK-SMI has IC50 values of �40 nM
for mouse NIK and �23 nM for human NIK and has limited
off-target activities (52). Treatment of 2B4 T cells with NIK-
SMI markedly inhibited the processing of p100 to p52 in
both TRAF3-sufficent and TRAF3-deficient subclones
(Fig. 3C). Following treatment with NIK-SMI, GITR mRNA
was markedly decreased in both cell types as well (Fig. 3D). In
the presence of NIK-SMI, GITR protein on the surface of
TRAF3-deficient 2B4 cells was also reduced significantly
(Fig. 3, E and F). Interestingly, NIK inhibition reduced the
mRNA levels of GITR in Traf3−/− 2B4 cells to a level com-
parable to TRAF3-sufficient T cells, but only partially reduced



Figure 1. Regulation of T cell GITR expression by TRAF3. A, splenic T cells isolated from LMC or T-Traf3−/− mice as indicated above the histograms were
unstimulated (-TCR) or stimulated with plate bound Ab to CD3 (0.5 μg/ml) and soluble Ab to CD28 (5 μg/ml) (+TCR) for 16 h. Washed cells were then stained
with anti-GITR or an isotype control antibody (Iso) and analyzed by flow cytometry. Mean fluorescence intensity (MFI) ± SEM of three experiments are
shown to the right of a representative experiment. B and C, unstimulated WT or Traf3−/− subclones of the mouse T cell line 2B4 were analyzed as in (A).
A representative result (B) and MFI ± SEM (n = 6) (C) are shown. D–G, unstimulated primary splenic T cells (D, conventional T cells; E, regulatory T cells; F, pan
T cells) were analyzed for GITR surface expression as in A–C. One representative of three replicate experiments is shown. Quantification of MFI ± SEM (n = 4)
is shown in G. LMC: filled; T-Traf3−/−: open. For A, C, and G, **p < 0.01, *p < 0.05, and n.s indicates no significant difference by unpaired t test. H–I, GITR
relative mRNA levels, 2−ΔΔCt normalized to GAPDH (y axis), were determined for RNA isolated from 2B4 (H) or primary splenic T cells (I) by quantitative
RT-PCR, as described in Experimental procedures. Cells in H were unstimulated (−TCR) or stimulated for 4 h with Abs to CD3 and CD28, as in (A) (+TCR). Error
bars in F and G represent mean values ± SEM; **p < 0.01 by unpaired t test. N = 12.

TRAF3 restricts GITR function in T cells
surface protein levels of GITR in Traf3−/− T cells, which
remained well above those in WT cells (Fig. 3, E and F).
Collectively, these results suggest that constitutive basal
activation of NFκB2 associated with TRAF3 deficiency in
T cells contributes to enhanced GITR expression, but other
factors including reduced GITR turnover also contribute to
the observed enhancement of GITR protein in the absence of
TRAF3.
Role of nuclear TRAF3 in T cell GITR expression

We previously reported that TRAF3 is constitutively present
in the B cell nucleus, and nuclear TRAF3 specifically inhibits
CREB-mediated transcription of prosurvival genes in B cells
(53). We thus examined the potential role played by nuclear
TRAF3 in regulating T cell GITR expression. As in B cells, 2B4
T cells have TRAF3 constitutively localized in their nuclei
(Fig. 4A). To determine the importance of this nuclear TRAF3
in GITR expression, we transfected Traf3−/− 2B4 cells with
either WT TRAF3 (TRAFWT) or TRAF3 with a defective nu-
clear localization sequence (NLS) that we previously produced
(TRAF3ΔNLS) (53). Figure 4B shows that expressions of these
two forms of TRAF3 were similar in all subclones tested.
TRAF3ΔNLS had reduced nuclear localization in transfected
T cells, compared with WT TRAF3 (Fig. 4A). However,
TRAF3WT and TRAF3ΔNLS both restored normal levels of GITR
mRNA in TRAF3-deficient T cells (Fig. 4C). Thus, robust
localization of TRAF3 to the nucleus is not required for its
inhibition of GITR mRNA levels. Interestingly, surface expres-
sion of GITR in T cells expressing TRAF3ΔNLS was intermediate
between the levels seen in WT T cells and TRAF3−/− T cells
(Fig. 4, D and E). The NLS mutation changes the sequence
J. Biol. Chem. (2021) 297(3) 101097 3



Figure 2. GITR protein turnover. WT or Traf3−/− 2B4 cells were treated with 30 μg/ml cycloheximide (CHX) for 4 h, then stained for GITR (A) or for CD3 (B)
prior to flow cytometry analysis. “Iso ctrl” indicates staining using isotype control Abs. Quantification of MFI ± SEM (n = 4) is shown to the right of a
representative result in both B and C. **p < 0.01, and n.s indicates no significant difference by unpaired t test.

TRAF3 restricts GITR function in T cells
RDYKRRKQ to RDYARRAQ in the TRAF domain of TRAF3
(53). It may be that this mutation, in addition to altering the
localization of TRAF3, alters the ability of TRAF3 to mediate
turnover of GITR protein.
Impact of TRAF3 on GITR-mediated signaling in T cells

GITR signaling is essential to maintain normal T cell re-
sponses during adaptive immune responses (46). Several major
signaling pathways, including the NFκB pathway, MAPK cas-
cades, and the mTOR-AKT-S6 kinase axis are activated upon
GITR stimulation (2, 10, 54, 55). We found that GITR-induced
activation of ERK p44/42 at T202/Y204, phosphorylation of
the NFκB1 inhibitory protein IκBα, and phosphorylation of
ribosomal protein S6 at S235/236, the terminal event of
mTOR-AKT pathway (10, 56) were markedly elevated in
TRAF3-deficient total T cells (Fig. 5, A–C). We observed a
trend in increased phosphorylation of AKTT308 at later time
points, although this did not reach statistical significance
(Fig. 5A). Because phosphorylation of S6 can also be activated
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through the MAPK cascade (57), and because GITR-mediated
ERK activation was markedly enhanced in TRAF3-deficient
cells, we asked if ERK was responsible for the increased
phosphorylation of S6 in TRAF3-deficient T cells. We thus
treated splenic-T cells with a small molecule drug targeting
MEK1/2 (U0126, labeled as ERKi) (58). ERKi completely
abolished phosphorylation of Erk and partially reduced the
phosphorylation of S6 to a level not significantly different from
that observed in TRAF3-sufficient T cells (Fig. 6, A and D).
This suggests that GITR-activated S6 phosphorylation is in
part mediated by ERK and regulated by TRAF3 in T cells.

We also used a complementary method to measure early
GITR-mediated signaling events in the human CD4+ T cell
line HuT28.11, which does not express endogenous GITR. As
described in Experimental procedures, we stably transfected
WT and TRAF3-deficient subclones of HuT28.11 with a
hybrid human (h)CD40-GITR receptor, which can be engaged
with agonistic anti-hCD40 mAb. Figure S3, A and B demon-
strates that the TRAF3-deficient subclones had markedly
enhanced GITR-mediated ERK activation, as well as a trend



Figure 3. Role of noncanonical NFκB2 activation in enhanced GITR expression by TRAF3-deficient T cells. A, WT or Traf3−/− 2B4 T cells were stimulated
via GITR as described in Experimental procedures, for the indicated times. Whole cell lysates were subjected to Western blot analysis for the indicated
proteins, as described in Experimental procedures. Quantification (n = 3) of band intensity of p52 normalized to loading control (βactin) is shown on the
right. B, total splenic T cells from the indicated mouse strains were stimulated via GITR as in (A), for the indicated times. Protein levels of p100 and p52 in
whole cell lysates were determined by Western blot. Quantification (n = 5) of band intensity of p52 that is normalized to loading control (GAPDH) is shown
on the right. C, inhibition of constitutive NFκB2 p100 processing. WT or Traf3−/− 2B4 cells were incubated for 2 h with 10 μM NIK-SMI, a small-molecule
inhibitor of NIK kinase, prior to processing for Western blotting as described above. Quantification (n = 3) of band intensity of p52 normalized to
loading control (GAPDH) is shown on the right. For A–C, **p < 0.01, and *p < 0.05 by unpaired t test. D, GITR mRNA levels of cells treated as in (C). In D, error
bars represent mean ± SEM of values of one representative of three experiments. y-axis shows 2−ΔΔCt value of GITR mRNA as normalized to GAPDH.
**p < 0.01 by unpaired t test. N = 12. E and F, inhibition of enhanced cell surface expression of GITR in TRAF3-deficient 2B4 T cells by NIK-SMI. WT or TRAF3-
deficient 2B4 cells were treated with 10 μM NIK SMI for 2 h, prior to staining for GITR and analysis by flow cytometry. MFI ± SEM (n = 3) for GITR is shown in
(F). A representative experiment is shown in (E). **p < 0.01 by unpaired t test.

TRAF3 restricts GITR function in T cells
toward enhanced phosphorylation of S6 kinase. These data
support an important role for T cell TRAF3 in restraining
GITR-mediated early signaling events.
Involvement of phosphatases PTPN2 and PTPN22 in
regulation of GITR signaling

TRAF3 recruits phosphates PTPN2 (TCPTP) and PTPN22
to inhibit IL-2R and IL-6R-mediated signaling, respectively
(42, 43). We thus considered the possibility that TRAF3 nor-
mally restrains early GITR signaling events via recruitment of
one or both phosphatases. To test the role of phosphatase
activity, primary splenic T cells were pretreated with the small-
molecule inhibitors LTV-1, targeting PTPN22 (PTPN22i), and
SF1670, targeting PTPN2 (PTPN2i) prior to stimulation
through GITR. Inhibition of PTPN2 increased phosphoryla-
tion of ERK and S6 kinase in both WT and TRAF3-deficienct
T cells (Fig. 6, A and B). This suggests that while PTPN2 acts
to restrain GITR-mediated ERK phosphorylation and activa-
tion of ribosomal protein S6, it does not account for the
specifically enhanced GITR activated signal seen in TRAF3-
deficient T cells. In contrast, inhibition of PTPN22 in splenic
T cells resulted in no obvious changes in phosphorylation of
S6 and ERK (Fig. 6, A and C). Previously, we showed both
J. Biol. Chem. (2021) 297(3) 101097 5



Figure 4. Role of nuclear TRAF3 in suppression of GITR expression. A, subcellular distribution of WT TRAF3 and TRAF3 ΔNLS in 2B4 T cells. Whole-cell
lysates from subclones of Traf3−/− 2B4 cells stably expressing either WT TRAF3 (TRAF3WT) or ΔNLS TRAF3 (TRAF3ΔNLS) were separated into nuclear (marker
YY1), and cytosolic (marker GAPDH) fractions and subjected to Western blot analysis. For A–E, results using two individual subclones from the indicated
stable transfections are shown. Quantification (n = 5) of normalized band intensity of TRAF3 variants is shown at the bottom of a representative Western
blot. *p < 0.05 versus stable transfectant line 1 of TRAF3WT; #p < 0.05 versus stable transfectant line 2 of TRAF3WT. B, TRAF3 protein expression in whole cell
lysates of two TRAFWT and two TRAF3ΔNLS 2B4 subclones, analyzed by Western blot. Quantification (n = 4) of normalized band intensity of TRAF3 variants is
shown at the bottom of a representative Western blot. n.s indicates no significant difference by unpaired t test. C, relative GITR mRNA levels, 2−ΔΔCt value of
GITR mRNA as normalized to GAPDH, were determined in TRAF3WT and TRAF3ΔNLS 2B4 subclones by quantitative RT-PCR. Graph depicts mean ± SEM, **p <
0.01 by unpaired t test. N = 10. One representative result of three similar experiments is shown. D and E, cell surface expression of GITR in TRAF3WT and
TRAF3ΔNLS 2B4 subclones (two of each type, as in A–C), was determined by GITR staining and flow cytometry analysis. Iso = isotype control Ab staining of
the parent Traf3−/− 2B4 strain. Parental 2B4 is indicated as “WT,” untransfected Traf3−/− 2B4 cells as “−,” and the two subclones of each type of transfected
Traf3−/− 2B4 cells are shown for comparison. Results in (D) are representative of three similar experiments. The mean ± SEM of mean fluorescence intensity
(MFI) values from (D) are presented in (E) (three experiments. **p < 0.01 by unpaired t test).

TRAF3 restricts GITR function in T cells
PTPN2 and PTPN22 directly interact with TRAF3 in T cells
(40, 42). However, association of PTPN2 and PTPN22 with
GITR was not disrupted in the absence of TRAF3 (Fig. 6E;
Fig. S4). These data indicate that GITR associates with PTPN2
and PTPN22 in T cells, independently of TRAF3.
Impact of TRAF3 upon GITR association with signaling
molecules

Overexpression models in nonimmune cells showed that
TRAFs 2/3/5 interact with GITR (14, 34). Additionally, TRAF2
and TRAF5 induce GITR-mediated NFκB activation in CD8+

T cells (59). To determine how TRAF3 impacts composition of
the T cell GITR signaling complex, we immunoprecipitated
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the receptor complex in 2B4 T cells, finding that TRAF3 in-
teracts with GITR upon its stimulation (Fig. 7A). In contrast,
TRAF3, unlike TRAF2, does not associate with GITR in resting
2B4 T cells. As shown in earlier figures, TRAF3-deficient T
cells also express more GITR protein, reflected here in the
immunoprecipitated complex; this increased total GITR likely
accounts for the increased TRAF2 seen in the immunopre-
cipitates in Traf3−/− T cells. The ratios of TRAF2:GITR
calculated from GITR immunoprecipitates at 15 min after
GITR stimulation are not statistically different between WT
and TRAF3-deficient T cells (Fig. 7A). We also expressed WT
or structural mutants of TRAF3 shown in Figure 7B, together
with GITR, by transient transfection of HEK293 T cells. Re-
sults showed that TRAF3 and GITR associated in the receptor



Figure 5. Impact of TRAF3 on GITR signaling to T cells. A, splenic T cells isolated from littermate control (LMC) or T-Traf3−/− mice were stimulated via GITR
for the indicated times. Whole cell lysates were subjected to Western blot analysis as described in Experimental procedures. Results are representative of
three similar experiments. B and C, quantification of three independent experiments with three pairs of animals of each of the indicated genotypes. Graphs
represent change in pS6 (pS235/236) normalized to total S6 (B) and pERK (pT202/Y204) normalized to total ERK (C) over the course of stimulation via GITR.
Curves represent mean ± SEM of relative band intensities, where statistical significance is determined by two-way ANOVA. **p < 0.01.

TRAF3 restricts GITR function in T cells
complex (Fig. 7C). This interaction required the TRAFC
domain, but not the RING domain of TRAF3 (Fig. 7, B and C).
Taken together, these results clearly indicate that TRAF3 in-
teracts with the GITR intracellular domain upon GITR
engagement.
Discussion

GITR is an important TNFRSF member critical for full T
cell activation subsequent to initial TCR stimulation (46).
GITR is expressed constitutively on conventional naïve and
memory T cells and is rapidly upregulated upon TCR activa-
tion (2, 15). High levels of GITR are found on Treg, likely as a
result of transcriptional activation by Foxp3 (48). GITR is
costimulatory to both CD4+ and CD8+ T cells (10, 59) and
important to effective T cell control of chronic LCMV infec-
tion (10). GITR signaling stimulates IFNγ production,
enhanced expression of IL-2R and CD69, and promotes
hyperproliferation and survival of CD4+ Th1 cells, CD8+

effector cells, and Treg (2, 10, 12, 19, 54, 55, 60). Similar to
other TNFRSF members, GITR lacks intrinsic enzymatic ac-
tivity and utilizes TRAF2 and 5 to promote signaling (18, 32).
However, the role of TRAF3 in GITR signaling was previously
undefined.

The multiple functions of TRAF3 are often context-
dependent; TRAF3 has both cell-type-specific roles, as well as
distinct roles in regulating the function of different types of
receptors, even in the same cell type (35, 61). For example,
TRAF3 inhibits CD40 signals in B cells (62, 63), but is a positive
regulator of signaling mediated in B cells by the Epstein–Barr
virus-encoded CD40 mimic Latent Membrane Protein 1 (64).
In T cells, TRAF3 enhances TCR complex signaling and IL-15R
signals, while restraining IL-2R signaling (38, 42, 44). There-
fore, knowledge about the regulatory mechanisms of TRAF3
cannot be completely extrapolated from one cell type or re-
ceptor to another. In this study we reveal that TRAF3 clearly
inhibits the function of the TNFR superfamily costimulator
GITR, via multiple mechanisms.

This study introduces a new role for T cell TRAF3: control
of the surface levels of a TNFRSF member (Fig. 8). TRAF3
deficiency led to abnormal elevation of GITR expression at
both mRNA and protein levels in CD4 and CD8 T cells. The 50

region upstream of the coding regions of the Tnfrsf18 locus
contains an NFκB consensus binding site (49, 65). Our results
demonstrate that enhanced expression of GITR protein is at
least partially due to the constitutive activation of NFκB2 in
TRAF3-deficient T cells. Unlike the many context-dependent
alterations in cell phenotype and functions caused by TRAF3
deficiency, constitutive NFκB2 activation is common to all
TRAF3-deficient cell types (50). However, GITR upregulation
in TRAF3−/− T cells was not completely suppressed by NIK
inhibition, suggesting that other unknown TRAF3-regulated
factors may contribute to this phenotype. An additional
mechanism contributing to enhanced GITR levels in TRAF3-
deficient T cells is suggested by reduced GITR protein turn-
over rates in Traf3−/− 2B4 T cells. To date, TRAF3 per se was
not reported to have validated E3 ubiquitin ligase activity in
lymphocytes under physiological circumstances (66, 67).
Future study is needed to examine if polyubiquitination or
other posttranslational modifications of GITR are regulated by
J. Biol. Chem. (2021) 297(3) 101097 7



Figure 6. The roles of phosphatases PTPN2 and PTPN22 in restraining GITR signaling. A, splenic T cells isolated from littermate control (LMC) or T-
Traf3−/− mice were pretreated with DMSO (upper-left), inhibitors (5 μM) of PTPN2 (SF1670, upper-right), PTPN22 (LTV-1, bottom-left) or ERK (U0126) (bottom-
right) before being stimulated via GITR for the indicated times. Whole cell lysates were subjected to SDS-PAGE and Western blot analysis. Representative
blots of four similar experiments are shown. B–D, quantification of four independent experiments including representative blots shown in A. Curves
represent mean ± SEM of relative band intensities, where statistical significance was determined by two-way ANOVA. *p < 0.05; **p < 0.01; n.s indicates no
significant difference. E, subclones of HuT28.11 or Traf3−/− HuT28.11 T cells expressing hCD40-GITR (FLAG-tagged) were stimulated via anti-hCD40 Ab-
conjugated protein G beads (see Experimental procedures) for times indicated and the hCD40-GITR signaling complex was immunoprecipitated. IPs (left)
were subjected to SDS-PAGE and Western blotting for TRAF3, PTPN2 and PTPN22. Blots of whole cell lysates are shown on the right. Ctrl = IP with protein G
beads conjugated with isotype control mAb. Positions of TRAF3 and PTPN2 bands are indicated by arrows. * indicates the heavy chain of the IP Ab
remaining in the IP sample. Blots in E are representative of ≥ 3 similar experiments. Quantification of band intensity is summarized in Fig. S4.

TRAF3 restricts GITR function in T cells
TRAF3 in T cells. Although nuclear TRAF3 plays an important
role in regulating certain survival pathways in B cells (53), and
we observed here that TRAF3 can also localize to the T cell
nucleus, GITR expression was normalized by restoration of
TRAF3, even mutant TRAF3 that is mostly excluded from the
nucleus.

We also analyzed responsiveness of TRAF3-deficient T cells
to GITR engagement independent of TCR stimulation and
observed that TRAF3 attenuates GITR signaling, in particular,
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activation of MAP kinases and the ribosomal protein S6
signaling axis. Results presented here reveal TRAF3 as the first
TRAF family member shown to restrain GITR signaling
(Fig. 8). In contrast, TRAF2 and TRAF5 are reported to be
required for maximal GITR signaling in CD8+ T cells (59). In
2B4 T cells, TRAF2 constitutively associates with GITR in-
dependent of GITR ligation status. In contrast, TRAF3 is
recruited to the receptor upon stimulation. A similar consti-
tutive association is observed for TRAF5 in CD4+ HuT28.11



Figure 7. Association of GITR, TRAF3, and TRAF2 in T cells. A, WT or Traf3−/− 2B4 cells were stimulated via anti-GITR Ab-conjugated protein G beads for
times indicated, after which GITR signaling complexes were immunoprecipitated. C = control IP, where protein G beads conjugated with only the secondary
anti-rat IgG Ab were used to IP GITR in unstimulated 2B4 cells, as described in Experimental procedures. IP samples were subjected to SDS-PAGE, and
association of TRAF2 and TRAF3 with GITR was assessed by Western blot. Quantification (n = 3) of normalized band intensity of each protein is shown to the
right of a representative figure. B, HA-tagged TRAF3 constructs used to transfect HEK293 cells for structure–function analysis. Zn Ring, Zn fingers, TRAF-N
(N), and TRAFC (C) domains are shown. C, HEK293 T cells were transiently transfected with plasmids of the following combinations: Flag-tagged GITR
plasmid alone (0) or + (1) WT TRAF3 (2), ΔN TRAF3, or (3) ΔC TRAF3. Cell lysates were immunoprecipitated with Abs to HA (TRAF3) or Flag (GITR), and
association of GITR with TRAF3 mutants was assessed by Western blot. Protein expression in input lysates (each is 6% of total lysate) is also shown.
Quantification of band intensity of indicated proteins is shown to the right of a representative figure. N = 3 for TRAF3:HA IP; N = 4 for GITR:flag IP. For both A
and C, **p < 0.01, and *p < 0.05 by unpaired t test.

TRAF3 restricts GITR function in T cells
T cells. In 2B4 T cells, it is hard to assess possible competition
between TRAF3 and TRAF2/5 to associate with the TRAF-
binding motif of GITR, because the increased total GITR
likely contributes to the increased TRAF2 seen in coimmu-
noprecipitates in TRAF3-deficient T cells. We introduced
ectopic expression of human GITR in HuT28.11 cells, in which
no endogenous GITR is expressed. While comparable GITR
amounts are observed in TRAF3 sufficient and deficient
HuT28.11 transfectants, no obvious increased association of
TRAF2/5 with GITR is seen in the absence of TRAF3. This
tends to argue against simple displacement of other TRAFs by
TRAF3 at the receptor. The specific TRAF3-regulated inhibi-
tory mechanism of the early GITR signaling cascade thus re-
mains to be identified in future studies.

TRAF3 inhibits IL-2R signaling in T cells, promoting Treg
differentiation (42), and suppresses signaling mediated by the
J. Biol. Chem. (2021) 297(3) 101097 9



Figure 8. Model: TRAF3 suppresses GITR expression and signaling in T cells. GITR transcription is stringently regulated by activity of NFκB2. In normal T
cells (left panel), the major upstream kinase for activation of NFκB2, NIK is constitutively polyubiquitinated (represented as chain of black dots attached to
NIK) and targeted for degradation by an E3 ubiquitination complex containing TRAF2, TRAF3, and cIAP. Engagement of GITR with GITRL leads to recruitment
of TRAF3 and disassembly of the TRAF2/TRAF3/cIAP E3 complex, which releases NIK and activates downstream NFκB2. In addition, phosphatases PTPN2 and
PTPN22 attenuate the signaling strength of the GITR complex independent of TRAF3. Negative regulation of GITR signaling by TRAF3 may also involve
competition with TRAF2 and TRAF5 (yellow and blue ovals), both of which can promote GITR signaling (59). In the absence of TRAF3 (right panel), NFκB2 is
constitutively active and upregulates GITR transcription. Increased levels of the GITR receptor and lack of TRAF3 regulation of the GITR signaling cascade
lead to elevated GITR signaling in TRAF3-deficient T cells.

TRAF3 restricts GITR function in T cells
IL-6R and the B cell antigen receptor in B cells (43, 68).
Signaling through IL-2 and IL-6 receptors is tightly regulated
by TRAF3 recruited phosphatases, PTPN2 and PTPN22,
respectively (39). Additionally, TRAF3 inhibits association of
PTPN22 with the TCR complex (40). We observed that
PTPN2 but not PTPN22 restrained GITR-mediated phos-
phorylation of MAP kinase and ribosomal protein S6. How-
ever, these phosphatases associated with GITR independent of
the TRAF3 status of the T cells.

A potential important future question is how the increased
GITR levels of TRAF3-deficient T cells might impact reverse
signaling through GITRL in cells that form immune synapses
with T cells. It has been shown that GITRL reverse signals
enhance primary NK cell cytotoxicity and IFNγ production
(69) and modulate activation and migration of monocytes/
macrophages (70). Future efforts will be directed to address
this question. Immunotherapeutic designs based on GITR are
currently gaining interest, due to the versatile functions of
GITR in various subsets of T cells and in macrophages, NK,
and B cells (71–73). Our characterization of TRAF3’s effects of
restraining GITR expression and signaling is relevant to un-
derstanding how GITR itself is regulated in participating in T
cell functions, including design of therapeutic approaches that
are based upon GITR functions.
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Experimental procedures

Mice

The T-Traf3−/− mice were created by crossing Traf3flox/flox

mice (74), backcrossed >10 generations to C57B1/6 mice, to
CD4-Cre mice (40, 42). Their LMCs are generated from the
same cross. Adult mice (2–4 months) were used for all ex-
periments, with similar numbers of male and female mice.
Mice were housed in specific pathogen-free conditions and
used in accordance with NIH guidelines, under a protocol
approved by the Animal Care and Use Committee, the Uni-
versity of Iowa, Iowa City, IA.

DNA constructs

To construct the human GITR (hGITR) expressing plasmid,
hGITR cDNA was initially amplified from a cDNA library
constructed from human PBMC. The primers used were:
hGITR_sense: 50 ATG GCA CAG CAC GGG GCG ATG 30,
and hGITR_antisense: 50 TCA CAC CCA CAG GTC TCC
CAG 30. We added a Kozak sequence and restriction enzyme
sites by PCR, using the primer pair hGITR_HindIII_kozak_S: 50

AAA AAA GCT TGC CGC CAC CAT GGC ACA GCA CGG
GGC GAT G 30 and hGITR_XbaI_CAS: TAT ATC TAG ATT
CAC TTG TCG TCA TCG TCT TTG TAG TCC ACC CAC
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AGG TCT CCC AGC CG. The PCR product was then digested
with restriction enzymes HindIII and XbaI and ligated to line-
arized pcDNA3.1 vector digested with HindIII and XbaI. To
construct the hCD40-GITR hybrid receptor expressing plasmid,
one fragment containing the extracellular domain of hCD40
was amplified by PCR with the primer pair hCD40_HindIII_-
kozak_S: 50 AAA AAA GCT TGC CGC CAC CAT GGT TCG
TCT GCC TCT GCA G 30, and hCD40_ex_antisense: 50 TCT
CAG CCG ATC CTG GGG AC 30. A fragment containing the
sequence encoding the transmembrane and cytosolic domains
of human GITR was amplified with a sense primer that partially
overlaps with hCD40_ex_antisense at its 50 end,
hGITR_TM_CD40linker_S: 50 GTC CCC AGG ATC GGC
TGA GAC TTG GGT GGC TGA CCG TCG TC 30, and the
anti-sense primer contains a 50 sequence that encodes FLAG tag
(DYKDDDDK): hGITR_XbaI_CAS: 50 TAT ATC TAG ATT
CAC TTG TCG TCA TCG TCT TTG TAG TCC ACC CAC
AGG TCT CCC AGC CG 30. These two fragments were then
joined by a second round of PCR, using the primer pair
hCD40_HindIII_Kozak_S and hGITR_XbaI_CAS. The final
PCR product was digested with HindIII and XbaI restriction
enzymes and ligated to linearized pcDNA3.1 vector as above.
To produce the hCD40-GITR expressing plasmid in which
expression is driven by the RSV promoter, the hCD40-GITR
insert was subcloned, via addition of HindIII and XbaI re-
striction enzyme sites, into pRSV.5(neo) (75) or pRSV.5*.puro
(a modified version of pRSV.5(neo), in which the neomycin
resistance cassette was replaced with a puromycin resistance
gene). The plasmid pOPRSV.mTRAF3 encodes full-length
mouse TRAF3, while the variant pOPRSV.mTRAF3ΔNLS en-
codes mouse TRAF3 with a mutant NLS sequence; both contain
a 3xFLAG epitope tag and have been previously described (53).
pcDNA.TRAF3.HA encodes full-length TRAF3 with an HA tag,
pcDNA.ΔN_TRAF3 encodes TRAF3 lacking the N-terminal
RING domain, and pcDNA.ΔC_TRAF3 encodes TRAF3 lacking
the C-terminal TRAFC domain; these constructs and
PTPN22_R-flag and PTPN22-W-flag expressing plasmids were
described in (40). PTPN2-TC45 and PTPN2-TC48 were pre-
viously described in (42).
Cell lines

2B4 is a mouse hybridoma T cell line, originally generated
by fusing splenocytes from a C57B10.A mouse with the mouse
AKR strain-derived thymoma BW5147 (76). HuT28.11, a
subclone of the human CD4+ T cell line HuT78 transfected to
stably express CD28 (77), was the gift of Dr Arthur Weiss,
University of California, San Francisco. Both 2B4 and
HuT28.11 cells were cultured in RPMI 1640 medium supple-
mented with 100 U/ml penicillin, 100 U/ml streptomycin,
2 mM L-glutamine, 10 μM β-mercaptoethanol, and 10% fetal
calf serum (FCS) (BCM10). Subclones of Traf3−/− 2B4 cells
(see below) with stably transfected full-length TRAF3 or ΔNLS
TRAF3 were cultured in BCM10 with 400 μg/ml G418.
HuT28.11 was transfected with hCD40-GITR in pRSV5*.puro.
Clones were selected by puromycin resistance and cultured in
BCM10 with 2 μg/ml puromycin.
Production of Traf3−/− 2B4 subclones using CRISPR/cas9

Guide RNA/cas9 vector constructs for disruption of the
Traf3 gene (NCBI gene ID:22031) were designed according to
(78), using the CRISPR design tool (crispr.mit.edu) maintained
by Dr Feng Zhang (MIT, Cambridge, MA). Two pX330
(Addgene ID 42230) based constructs were made targeting
exon 3 and exon 6, respectively. In total, 2.5 μg of each of these
targeting constructs was then transfected into 1 × 106 2B4
cells, together with the plasmid pEGFP-C1 that constitutively
expresses EGFP, via electroporation (225V for 30 ms, BTX
square wave electroporator). GFP-expressing cells were sorted
at 1 cell/well into 96-well plates 5 days after transfection.
Clones containing the desired deletion were identified by PCR,
and the loss of TRAF3 protein was confirmed by Western blot.

HEK293T cell transfection

HEK293T cells (1 × 106/ml) were grown overnight in
DMEM supplemented with 100 U/ml penicillin, 100 U/ml
streptomycin, 2 mM L-glutamine, 10 μM β-mercaptoethanol,
and 10% FCS (DMEM10). Prior to transfection, DMEM was
replaced with Opti-MEM medium (Thermo Fisher) for
30 min. Cells were transfected with plasmids indicated in the
figure legends, using a lipofectamine 2000 transfection kit
(Thermo Fisher), according to the manufacturer’s protocol. In
total, 6–8 h later, medium was removed and fresh DMEM10
was added. Two days later, cells were washed with PBS and
lysed with lysis buffer (0.5% TritonX-100, 100 mM NaCl,
40 mM Tris[pH7.5], 1 mM MgCl2, 1 mM CaCl2, 0.05 mg/ml
DNase added prior to use, and one EDTA-free mini-complete
protease inhibitor tablet [Roche]/10 ml) for 10 min on ice. Cell
lysates were collected, and an immunoprecipitation was per-
formed on some samples, as detailed below.

Antibodies and reagents

Antibodies (Abs) used in immunoblotting included anti-HA
(HA-7, #128M4846), anti-flag (M2), and the anti-mouse actin
purchased from Sigma. The anti-ERK (T202/204, 9101), anti-
ERK (9102), anti-S6 (S235/236, 91B2), anti-S6 (5610), anti-
pIkBα (S32, 14D4), anti-IkBα (9242), anti-pAKT (S473, D9E),
anti-pAKT (T308, 244F9), anti-AKT (9272), anti-PTEN (138G6),
anti-NFκB2 (4882), anti-PTPN22 (D6D1H) and anti-human
TRAF5 (D3E2R) Abs were purchased from Cell Signaling
Technology. The anti-TRAF3 (H122), anti-YY1 (H-10), and anti-
GAPDH (D-6) Abs were fromSanta Cruz Biotechnology, and the
anti-TRAF2 (MBL592) Ab was purchased from MBL Interna-
tional. The anti-mouse GITR (AF524) and anti-PTPN2
(MAB1930) Abs were purchased from R&D Systems. HRP-
conjugated goat-anti-mouse IgG and goat-anti-rabbit Ig Abs
were from Jackson ImmunoResearch Laboratories. Abs used for
stimulation include anti-mouse CD3 (145-2C11), anti-CD28
(37–51) (Thermo Fisher), and anti-mouse GITR (DTA-1) (Bio-
XCell). Anti-humanCD40 (G28.5, mouse IgG1) was produced in
our lab from a hybridoma obtained from the ATCC. The isotype
control mAb (iso) for G28.5, MOPC31c, was purchased from
Sigma. For immunoprecipitations (IPs), 10 μg of anti-GITR Ab
(DTA-1, rat) or 10 μg of anti-CD40 Ab (G28.5, mouse) was
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conjugated to 10 μl of protein G beads via 10 μg of goat-anti-rat
or goat-anti-mouse IgG antibodies, respectively. All fluorescently
labeled conjugates used for flow cytometry were purchased from
eBioscience or BioLegend. Cycloheximide and the MAPK
pathway inhibitor (U0126) were purchased from Sigma. The
small-molecule inhibitors for PTPN2 (SF1670) and PTPN22
(LTV-1) were purchased from Tocris Bioscience. The NIK in-
hibitor, SMI, was graciously provided by Genentech.

Immunoprecipitation

Ten million cells per time point were stimulated with anti-
GITR Ab-conjugated magnetic protein G beads (Dynabeads,
Invitrogen) for times indicated in the figures, before being pel-
leted by centrifugation at 700g for 2 min. Cell pellets were then
lysed by resuspending in 800 μl lysis buffer, and the lysate was
incubated on ice for 10min. Fiftymicroliter of each cell lysate was
saved as an input control.Using amagnet, beadswerewashed five
times with lysis buffer. For unstimulated samples (labeled as
0 min), cells were lysed in 800 μl lysis buffer before adding the
same amount of agonisticAb-conjugated proteinGbeads. The IP
negative control (labeled as C or ctrl) was performed with
unstimulated cells using proteinG beads conjugated with isotype
control antibodies. Samples were then subjected to SDS-PAGE
and Western blot analysis, as previously described (40).

GITR stimulation

Cells (0.5million/time point) were aliquoted and prewarmed in
a37 �Cwaterbath, beforebeing stimulatedwith soluble anti-GITR
(DTA-1) agonistic Ab at a final concentration of 10 μg/ml, as
previously described (79). After stimulation, all samples were put
on ice for 5 min and pelleted by centrifugation at 1000g for 2 min.
Supernatants were then removed, and cells were resuspended in
100 μl of SDS-PAGE sample buffer. All samples were sonicated to
fragment genomic DNA before analysis by SDS-PAGE, followed
byWesternblot analysis. Imaging ofWestern blotswas performed
with a chemiluminescent substrate (Supersignal Pico) and a low-
light imaging system (LAS-4000, Fujifilm). Quantitation of band
intensity was done with MultiGauge (Fujifilm Software Co)

Flow cytometry

Primary mouse splenic T cells were isolated using a Pan
T cell negative selection kit or a CD4+ T cell isolation kit (Stem
Cell Technologies). Primary T cells or 2B4 cells were stained
with fluorescently labeled Abs against GITR, CD4, CD8
(53–6.7), or FoxP3 (FJK-16S). For intracellular staining, cells
were fixed and permeabilized with a fixation/permeabilization
kit (BD Cytofix/Cytoperm, BD Biosciences). All flow cytometry
and cell sorting were performed with Accuri C6 (BD Biosci-
ence) in our own lab, or LSRII with UV (BD Bioscience), and
Aria Fusion cell sorter (BD Bioscience) at the University of Iowa
Flow Cytometry Facility, which is a Carver College of Medicine/
Holden Comprehensive Cancer Center core research facility.

GITR turnover rates measurement

Analysis of protein stability was measured by the cyclo-
heximide chase assay, slightly modified from (80). Parental WT
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or Traf3−/− 2B4 cells were treated with a DMSO solvent
control or 30 μg/ml cycloheximide for 4 h, before being
stained for surface GITR expression with PE conjugated anti-
GITR mAb. Relative levels of cell surface GITR were measured
by flow cytometry.

RT-qPCR

RNA was extracted from 2 million cells/sample using the
RNeasy Mini Kit (Qiagen). One microgram of total RNA per
sample was used in the reverse transcription reaction using the
iScript reverse transcription kit (Bio-Rad). For real-time PCR,
the primer set for GITR was as previously described (81). For
GAPDH, the sense primer was 50 TCCACCACCCTGTT
GCTGTA 30, and the antisense primer was 50 ACCAGAGT
CCATGCCATCAC 30. qPCR was carried out in the Genomics
Core at the University of Iowa, Iowa City, IA, using a SYBR
green qPCR kit (Applied Biosystems). Gene expression was
quantitated relative to the expression of GAPDH.

Subcellular fractionation

To isolate nuclear and cytoplasmic fractions (53), ten
million T cells were incubated in 200 μl of hypotonic buffer
(10 mM Hepes pH 7.9, 10 mM KCl, 0.1 mM EDTA, 5 mM
MgCl2) supplemented by 1 mM DTT and a protease inhibitor
tablet (Roche) for 30 min. Swollen cells were lysed with 0.1%
Triton X-100 and vortexed for 20s, before being centrifuged at
13,000g for 10 min at 4 �C. The cytoplasmic fraction was
carefully removed to another tube, and an equal volume of
2× SDS sampling buffer was added. The nuclear pellet was
resuspended in 200 μl of hypertonic buffer (20 mM Hepes
pH7.9, 0.4 M NaCl, 1 mM EDTA) supplemented with 1 mM
DTT, and a protease inhibitor tablet (Roche), and incubated
for 30 min. An equal volume of 2× SDS sampling buffer was
then added to the resuspended nuclear fraction.

Statistical analysis

All statistical analysis was performed using GraphPad Prism
software. Unpaired t test was used when comparing two
groups. Two-way ANOVA was used when comparing quan-
tification of bands in Western blots. Data were considered
statistically significantly different with p < 0.05.

Data availability

All data needed to evaluate conclusions of this study are
contained within the manuscript or the supporting
information.
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