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The OX40-TRAF6 axis promotes CTLA-4 degradation to
augment antitumor CD8" T-cell immunity
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Immune checkpoint blockade (ICB), including anti-cytotoxic T-lymphocyte associated protein 4 (CTLA-4), benefits only a limited
number of patients with cancer. Understanding the in-depth regulatory mechanism of CTLA-4 protein stability and its functional
significance may help identify ICB resistance mechanisms and assist in the development of novel immunotherapeutic modalities to
improve ICB efficacy. Here, we identified that TNF receptor-associated factor 6 (TRAF6) mediates Lys63-linked ubiquitination and
subsequent lysosomal degradation of CTLA-4. Moreover, by using TRAF6-deficient mice and retroviral overexpression experiments,
we demonstrated that TRAF6 promotes CTLA-4 degradation in a T-cell-intrinsic manner, which is dependent on the RING domain of
TRAF6. This intrinsic regulatory mechanism contributes to CD8" T-cell-mediated antitumor immunity in vivo. Additionally, by using
an OX40 agonist, we demonstrated that the OX40-TRAF6 axis is responsible for CTLA-4 degradation, thereby controlling antitumor
immunity in both tumor-bearing mice and patients with cancer. Overall, our findings demonstrate that the OX40-TRAF6 axis
promotes CTLA-4 degradation and is a potential therapeutic target for the improvement of T-cell-based immunotherapies.
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INTRODUCTION

Cytotoxic T-lymphocyte associated protein 4 (CTLA-4), an impor-
tant immune checkpoint receptor prominently expressed on
activated T cells, contributes to immune homeostasis and tumor
immune evasion [1-3]. The blocking antibody for CTLA-4,
ipilimumab, had received approval from the US Food and Drug
Administration (FDA) in 2011 for the treatment of malignant
tumors, which makes it the first immune checkpoint receptor to
be clinically targeted [4-6]. Although ipilimumab has shown
durable responses in patients with advanced melanoma [7], the
overall response rate in ipilimumab trials was less than 30% [8, 91.
Due to its superior benefit, anti-CTLA-4 antibodies are widely used
in combination with other immune checkpoint blockade (ICB)
therapies in the clinic [10]. Therefore, understanding the in-depth
regulatory mechanism of CTLA-4 protein stability and its
functional significance may help to identify ICB resistance
mechanisms and assist in the development of novel immunother-
apeutic modalities to improve ICB efficacy. Moreover, the
expression of CTLA-4 on alloreactive T cells is essential for
tolerance induction in transplantation [11, 12]. CTLA-4-lg, an
analog of CTLA-4 with equivalent functions, inhibits T-cell
activation and is highly effective in prolonging the survival of
humans and mice with transplantation and autoimmune disease

[13-15]. As an important immune regulator, CTLA-4 expression is
regulated through both transcriptional and post-transcriptional
mechanisms in T cells. At the transcriptional level, CTLA4 is
regulated by several transcription factors, such as FOXO1 [16],
NFAT1 [17], and FOXP3 [18]. Moreover, dysfunction of
lipopolysaccharide-responsive and beige-like anchor (LRBA)
increases the autophagy-lysosomal degradation of CTLA-4, result-
ing in CTLA-4 deficiency and T-cell dysregulation [19]. Although
the essential roles of CTLA-4 in cancer progression are thoroughly
understood, the regulatory mechanism of CTLA-4 protein stability
and its functional significance remain elusive.

TNF receptor-associated factor 6 (TRAF6), a RING finger-domain
E3 ubiquitin ligase, has a dual role in the regulation of immune
system development, function, and pathogenesis, functioning as
both a positive and negative regulator of immune cell signaling
[20-22]. TNF receptor superfamily member 4 (TNFRSF4/0X40/
CD134) is a T-cell costimulatory molecule that induces TRAF6
activation [23] and favors the induction of T helper 9 (Th9) cells
[24]. Meanwhile, numerous studies have demonstrated that TRAF6
plays an essential role in innate immune cell activation
and inflammatory responses by enhancing the transcriptional
activation of nuclear factor-kB (NF-kB) signaling [25, 26]. However,
King et al. demonstrated that the T-cell-specific deletion of
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TRAF6 surprisingly led to splenomegaly and lymphadenopathy in
mice over 12 weeks old [27], suggesting that it is also a negative
regulator of T cells. In addition, recent studies have indicated that
TRAF6 plays a vital role in the differentiation of interleukin (IL)-9-
producing CD4™ T cells (Th9 cells), a distinct T helper cell subset
that contributes to airway inflammation and antitumor immunity
[28, 29]. However, it is poorly understood whether (and how) the
OX40-TRAF6 axis affects the antitumor activity of CD8" T cells.

This study demonstrated that TRAF6 mediates the ubiquitina-
tion and degradation of CTLA-4 in a T-cell-intrinsic manner, and is
essential for the antitumor activity of CD8" T cells. Furthermore,
both TRAF6 expression and CTLA-4 degradation are regulated by
the OX40-TNF superfamily member 4 (TNFSF4/0X40L) pathway.
The antitumor efficacy of the OX40 agonist, which is dependent
on TRAF6 expression, coordinates with programmed cell death 1
(PDCD1/PD-1) but not CTLA-4 blockade. Therefore, the OX40-
TRAF6-CTLA-4 axis is a potential therapeutic target for improving
T-cell-based immunotherapies.

MATERIALS AND METHODS

Mice

C57BL/6J (B6, N0O00013), BALB/c (B/c, N000020), B6-CD45.1 (B6/JGpt-
Ptprcem'Cin (P K3028) /Gt T054816), and Ragl ™/~ mice (B6/JGpt-Rag1e™'<?/
Gpt, TO04753) were obtained at least one week prior to the experiment from
GemPharmatech (Nanjing, China). Traf6“’°VT (B6/JGpt-Trafe=™'Cn(70A)
Gpt, T055143) mice were generated and purchased from GemPharmatech
(Nanjing, China). CD4-cre (B6. Cg-Tg[Cd4-cre]1Cwi/BfluJ, #022071) and OT-I
(C57BL/6-Tg[TcraTcrb]1100Mjb/J, #003831) mice were ordered from Jackson
Laboratory, while the Traf6" (C57BL/6 N-A™'BrdTygfem2aEUCOMMWIS,
WisiOulu, #08446, the European Mouse Mutant Archive) mice were gifted
by Dr. Peng Zhang (Wuhan University, China). The breeding and husbandry
of the mice were completed in a specific pathogen-free (SPF) environment
(23+£3°C, 12-h light/dark cycle) provided by Tongji Medical College,
Huazhong University of Science and Technology. All animal procedures
and experimental operations conformed to the Code for Care and Use of
Experimental Animals of the Laboratory Animal Center set by Tongji Medical
College. The Institutional Ethics Committee of Tongji Medical College
approved all animal experiments and procedure designs (XWK-YZMY-085).

Tumor models

All mice were fed and cared for in the SPF facility. Male mice aged
7-11 weeks old were used for the experiments, with sex-matched littermates
used as controls. Tumor cells (diluted in phosphate-buffered saline [PBS])
were subcutaneously injected into the right groin of each mouse on day 0.
Tumor sizes were measured and recorded with calipers every two to four
days. Mice were sacrificed when tumors exceeded 2000 mm?® or when they
became moribund. Mice were sacrificed via CO, asphyxiation to obtain the
tumors. For details, please see Supplementary Materials.

The SPARK system

The SPARK system was used according to the previous study [30]. The SPARK
reporting systems were gifted by Dr. Xiaokun Shu. The cDNA sequences of
CTLA-4 and TRAF6 were cloned into SPARK vectors. SPARK vectors containing
only CTLA-4 or TRAF6 were used as controls. HEK293T cells were generated
and cultured in vitro. Transfection was performed using the Neofect
transfection reagent (Neofect Biotech) when cells were cultured to 50%
confluence in confocal dishes. Cultures were carried out in accordance with
the manufacturer’s instructions. Cells were imaged 24 h post-transfection
using confocal microscopy (Nikon A1Si). The number of puncta was assessed
for summary statistics.

EAE model
The EAE modeling method was based on the previous research [31]. For
details, please see the Supplementary Materials.

FCM analysis

Single-cell suspensions were prepared, stained, and evaluated according to
the previous research [32]. For details, please see the Supplementary
Materials.
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Statistical analysis

The results were analyzed using GraphPad Prism 9.2.0 (https:/
www.graphpad-prism.cn/) and presented as the mean+SD or meanz+
s.e.m. To compare two groups, P values were calculated by using a two-
tailed unpaired Student’s t-test for Gaussian distributed data when the
variances were similar and Welch's t-test when the variances were
different. The Wilcox test was used for large samples (n > 10) comparing
two groups. For comparisons of three or more groups, P values were
calculated by using one-way or two-way analysis of variance (ANOVA) for
normally distributed data, followed by Dunnett's or Sidak's multiple
comparisons test. The log-rank test was used for Kaplan-Meier survival
analysis. Each experiment was repeated for three times independently with
similar results. The number of animals and methods of the statistical tests
used for each experiment are indicated in the corresponding figure
legends.

RESULTS

TRAF6 is an E3 ubiquitin ligase that mediates K63-linked
polyubiquitination of CTLA-4

The dynamic expression of CTLA-4 was examined in activated
T cells at different time points by using the flow cytometry (FCM)
assay. Upon in vitro activation, the protein level of CTLA-4 in CD4"
and CD8" T cells peaked at approximately 48 h and declined at
72 h (Fig. 1A, B). Similarly, we found that Ctla4 mRNA expression
was downregulated at 72 h after peaking at approximately 48 h
(Fig. 1C). Our previous study revealed that CTLA-4 degradation is
inhibited by chloroquine administration and promoted by MG132
treatment [33]. In addition, other studies have suggested that
CTLA-4 is degraded via the autophagic-lysosomal pathway
[19, 34]. Given that ubiquitination is the most common modifica-
tion prior to protein degradation, the ubiquitination of CTLA-4 was
found in activated mouse splenic T cells (Fig. 1D). The ubiquitina-
tion of CTLA-4 was also detected at 24, 48, and 72h post-
activation in mouse CD8™ T cells (Fig. 1E). To identify the potential
E3 ubiquitin ligase that interacts with CTLA-4, coimmunoprecipita-
tion (co-IP) and mass spectrometry (MS) experiments were
performed with activated murine T cells, identifying TRAF6, a
molecule with E3 enzyme activity (Fig. 1F). Multispecies align-
ments of CTLA-4 proteins determined that the conserved protein
domains of CTLA-4 contained the TRAF6-binding motif [35]
(Fig. 1G), signifying that TRAF6 is a viable candidate for further
investigation.

An endogenous co-IP assay was used to verify the binding of
CTLA-4 to TRAF6. CTLA-4 was found to bind to TRAF6 in activated
mouse CD8™ T cells (Fig. 1H). HEK293T cells were transfected with
MYC-CTLA-4 and FLAG-TRAF6, and the interaction between
TRAF6 and CTLA-4 was confirmed using a reciprocal co-IP assay
(Fig. 11). The separation of phases-based activity reporter of kinase
(SPARK) system was used to visualize the formation of the CTLA-
4-TRAF6 complex (Fig. STA). In brief, during the formation of the
CTLA-4-TRAF6 complex, CTLA-4-enhanced green fluorescence
protein (EGFP)-homo-oligomeric tag 3 (HOTag3) hexamers cross-
link with TRAF6-homo-oligomeric tag 6 (HOTag6) tetramers to
induce EGFP phase separation [30]. Live-cell fluorescence imaging
demonstrated that co-transfection of HEK293T cells with CTLA-4-
EGFP-HOTag3 and TRAF6-HOTag6 resulted in the formation of
numerous green fluorescent puncta, which were not present in
the control groups (Fig. 1J). We visualized the CTLA-4/TRAF6
complex specifically based on a proximity ligation assay (PLA,
Fig. S1B). In addition, overexpression of TRAF6 significantly
increased the ubiquitin modification of CTLA-4 in a dose-
dependent manner (Fig. 1K). Furthermore, a mutation in the
TRAF6 RING domain (C70A), which inhibits the E3 ligase activity of
TRAF6, attenuated the ability of TRAF6 to induce ubiquitin
modification of CTLA-4 [36] (Fig. 1L).

K48- and K63-linked polyubiquitination are the most abundant
and functionally well-characterized linkage types prior to protein
degradation [37]. To determine the main linkage type in
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Fig. 1 TRAF6 is an E3 ubiquitin ligase that mediates K63-linked polyubiquitination of CTLA-4. Murine CD4" Tcon cells (CD4"CD25™ T cells)
and CD8" T cells were isolated, activated by using the Dynabeads Mouse T-Activator CD3/CD28, and collected for the analysis at different
time points. A Representative histograms and line graphs of the protein expression (MFI) and the proportion of positive cells of CTLA-4 in
CD4" Tcon cells (CD41TCD25 T cells) at 0, 24, 48, and 72 h post-activation. One-way ANOVA test. B Representative histograms and line graphs
of the protein expression (MFI) and the proportion of positive cells of CTLA-4 in CD8™ T cells at 0, 24, 48, and 72 h post-activation. One-way
ANOVA test. C Line graphs of Ctla4 mRNA expression in CD4" and CD8" T cells at 0, 24, 48, and 72 h post-activation. One-way ANOVA test.
D CTLA-4 polyubiquitination detection in activated primary mouse T cells. E CTLA-4 polyubiquitination detection in CD8" T cells at 0, 24, 48,
and 72 h post-activation. F The procedure used to identify the E3 ubiquitin ligases interacting with CTLA-4 via co-IP/MS analysis. G The
multispecies protein alignments for CTLA-4 by using the TRAF6-binding motif. H Co-IP of CTLA-4 and TRAF6 in activated primary mouse
T cells. I Co-IP of CTLA-4 and TRAF6 in HEK293T cells transfected with the indicated plasmids. J Fluorescence imaging of HEK293T cells
expressing CTLA-4-HOTag3 and Vector-HOTag6, Vector-HOTag3 and Traf6-HOTag6, or CTLA-4-HOTag3 and TRAF6-HOTag6. Two-way ANOVA
test. (C, CTLA-4-HOTag3 and Vector-HOTag6; T, Vector-HOTag3 and TRAF6-HOTag6; C + T, CTLA-4-HOTag3 and TRAF6-HOTag6). K Western
blots show the levels of CTLA-4 polyubiquitination in HEK293T cells transfected with MYC-CTLA-4, HA-ubiquitin (Ub), and different amounts
of FLAG-TRAF6 plasmids. L Western blots show the levels of CTLA-4 polyubiquitination HEK293T cells transfected with MYC-CTLA-4, HA-Ub,
and the indicated TRAF6 WT or mutant plasmids. M Measurement of CTLA-4 ubiquitination type in HEK293T cells. N IP analysis measured the
CTLA-4 ubiquitination site in HEK293T cells transfected with the indicated plasmids. O The interaction of CTLA-4 with the indicated
truncations of TRAF6. P The interaction of TRAF6 with the indicated truncation of CTLA-4. Please also see Fig. S1
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Fig.2 The loss of TRAF6 E3 ligase activity attenuates CTLA-4 degradation in a T-cell-intrinsic manner. A Representative histograms of CTLA-4
expression in CD4" Tcon cells (CD47CD25~ T cells) and CD8™ T cells (CD8™ T cells) from Traf6-tKO mice and WT mice at 48 h post-activation.
B Line graphs of CTLA-4 expression (MFI) of CTLA-4" cells in CD4" Tcon (CD4+CD257T cells) and CD8™ T cells (CD8™ T cells) of Traf6-tkO mice
and WT mice at 24 h, 48 h and 72 h post-activation. Two-way ANOVA test. C Line graphs of the percentage of CTLA-4" cells in CD4" Tcon
(CD4TCD25™ T cells) and CD8" T cells (CD41"CD25™ T cells) of Traf6-tkO mice and WT mice at 24 h, 48 h, and 72 h post-activation. Two-way
ANOVA test. D Representative contour plots and bar plots of CTLA-4 expression at 48 h post-activation. (n = 4). Two-tailed unpaired Student’s
t-test. E Line graphs of CTLA-4 levels in activated tKO and WT T cells at O, 2, 4, and 8 h post-CHX treatment. The expression of CTLA-4 was
measured by FCM. Two-way ANOVA test. F Representative contour and bar plots of CTLA-4 expression in CD8" T cells after transfection with
Traf6(WT) or Traf6(C70A) vectors. One-way ANOVA test and two-tailed unpaired Student’s t-test were performed. G Representative histograms
of CTLA-4 expression in CD4" Tcon and CD8" T cells from Trafé C70A mice and WT mice 48 h post-activation in vitro. Histograms show the
quantification of CTLA-4 expression (n = 3). Two-tailed unpaired Student’s t-test. Error bars represent SD, and ns indicates non-significant
results; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Please also see Figs. S2 and S3

polyubiquitinated CTLA-4, plasmids were constructed for ubiquitin
mutants that permitted the formation of K48- or K63-linked chains
individually (K48 or K63) or prevented their formation (K48R or
K63R). The expression of K63R impaired the ubiquitination of
CTLA-4, whereas the expression of K48R only had a minor impact
(Fig. 1M). In silico analysis was conducted to predict the putative
ubiquitination sites of CTLA-4 with two site-prediction software
programs: SUMOplot and UbPred (Fig. S1C). To validate the
prediction, CTLA-4 plasmids were constructed with K-to-R muta-
tions to prevent TRAF6 modification. As expected, the mutation at
position 203 of the CTLA-4 protein prominently prevented
ubiquitination by TRAF6 (Fig. TN). To further illuminate the in-
depth molecular events occurring in the interactions between
CTLA-4 and TRAF6, truncated TRAF6 and CTLA-4 proteins were
designed and created (Fig. S1D). The TRAF-C domain (288 to 530
aa) and CTLA-4 cytoplasmic domain (183 to 223 aa) were essential
for TRAF6 and CTLA-4 interaction (Fig. 10, P). Therefore, TRAF6 is
an E3 ubiquitin ligase that mediates the K63-linked polyubiqui-
tination of CTLA-4.

SPRINGER NATURE

The loss of TRAF6 E3 ligase activity attenuates CTLA-4
degradation in a T-cell-intrinsic manner

To further explore the effect of TRAF6 on CTLA-4 expression and ceII
function in T cells, Trafé T-cell-conditional knockout (Traf6ﬂ/ CD4-cre™,
Traf6 tKO) mice were generated by crossbreeding Traf6™" and CD4—
cre’ mice. Traf6-tkKO T cells were isolated from Traf6-tKO mice using
age-matched littermate Traf6""CD4-cre~ (WT) mice as controls. To
understand the role of TRAF6 in the expression of CTLA-4 in activated
T cells, Trafé tkO and WT T cells were isolated and stimulated in vitro.
Then, CTLA-4 expression was analyzed by FCM 24, 48, and 72 h post-
stimulation in vitro. CTLA-4 expression in Traf6-tkO T cells was
significantly increased in both CD4*CD25~ T cells (conventional
T cells, Tcon) and CD8™ T cells at each time point compared with WT
T cells (Fig. 2A-C and Fig. S2A) [38]. To examine whether the effect of
TRAF6 on CTLA-4 expression in T cells was intrinsic, CD45.1"7 WT
T cells and CD45.2" Traf6-tKO T cells were co-cultured and stimulated
for 48 h. The loss of TRAF6 in T cells resulted in a marked increase in
the protein level of CTLA-4 (Fig. 2D). However, the expression of Ctla4
mRNA did not differ between the two groups (Fig. S2B).

Cellular & Molecular Immunology (2023) 20:1445 - 1456



To test the hypothesis that TRAF6 ablation attenuated CTLA-4
degradation, activated CD4" Tcon and CD8™ T cells were treated
with 100 pg/mL cycloheximide (CHX) to block nascent protein
synthesis. The degradation of CTLA-4 was significantly slower in
Traf6-tKO T cells compared with WT T cells (Fig. 2E). To further
verify whether the regulatory activity of TRAF6 on CTLA-4
degradation is dependent on its E3 ligase activity, activated
CD8™ T cells from WT or Traf6-tkO mice were overexpressed with
TRAF6, TRAF6 with C70A mutation, or GFP (control) by retroviral
infection. Overexpressing TRAF6 significantly decreased CTLA-4
protein levels in both WT and Traf6-tkO T cells. However, this
effect was not observed in the overexpression of TRAF6 with the
C70A mutation (Fig. 2F). To further verify the effect of TRAF6 E3
ligase activity on CTLA-4 expression in vivo, CRISPR-Cas9 editing
was used to introduce a loss-of-E3-function mutation in the Traf6
gene in murine embryonic stem cells, yielding Traf6 C70A
heterozygous mice (Fig. S3A). Similar to Traf6-knockout mice
[39], the Traf6 C70A mutation was a homozygous lethal mutation
(Fig. S3B).

Traf6é T-cell-conditional mutation (Traf6”<’°ACD4-cre*, Traf6
C70A-T) mice were generated by crossing Traf6™CD4-cret mice
with heterozygous Traf6“’°*""T mice (Fig. 54B). The expression of
CTLA-4 in activated Trafé C70A-T and Traf6”"V'CD4-cret (WT)
T cells was analyzed via FCM at 48 h. CTLA-4 expression in Traf6
C70A-T T cells was significantly increased in both CD4" Tcon and
CD8" T cells compared with controls (Fig. 2G). Overall, these
results demonstrated that TRAF6 regulates the degradation and
expression of CTLA-4 in a T-cell-intrinsic manner that is dependent
on its ubiquitin activity.

Ablation of TRAF6 impairs antitumor CD8" T-cell immunity
Considering that T-cell-specific TRAF6-deficient mice sponta-
neously develop splenomegaly and lymphadenopathy [27], an
adoptive transfer melanoma model was established to assess the
effect of TRAF6 deficiency on the antitumor immunity of CD8"
T cells. Traf6"CD4-cre= (WT) or Traf6"'CD4-cre™ (Traf6 tKO) OT-I
cells were adoptively transferred into B16-OVA-bearing WT mice
(Fig. 3A). B16-OVA melanoma progression was accelerated in mice
receiving TRAF6-deficient OT-I cells compared with WT OT-I cells
(Fig. 3B, Q). To further investigate the impact of TRAF6 ablation on
the antitumor activity of T cells, CD45.17CD8" Traf6"cD4-
cre (WT) T cells and CD45.27CD8* Traf6"'CD4-cre™ (Traf6-tkO)
T cells were adoptively transferred at a 1:1 mixture into B16
melanoma-bearing Rag?~’~ mice (Fig. 3D and Fig. S4A). FCM
analysis of tumor-infiltrating lymphocytes (TILs) demonstrated a
lower proportion of Traf6-tkO CD8" T cells compared with WT
controls (Fig. 3E and Fig. S4B), suggesting that ablating TRAF6
impairs the antitumor activity of CD8" T cells.

To further assess the phenotypes of Traf6-tkO TiLs, CD8* TiLs
were sorted using fluorescence-activated cell sorting (FACS),
followed by transcriptome sequencing. Compared with WT TILs,
a total of 239 genes were upregulated and 113 were down-
regulated in Traf6-tkO TILs (Fig. 3F). Among these, effector
transcription factors (Tbx21, Irf4) [40], cytotoxic genes (Gzmb,
Prf1), and receptors and adhesion molecules (Cd38 and E2f1) were
downregulated, whereas effector T-cell differentiation regulators
(Tef7) [41] and inhibitory cytokines (//10) were upregulated
(Fig. 3G). Pathway enrichment analysis determined that differen-
tially expressed genes (DEGs) between Traf6 tKO and WT TILs were
involved in the positive regulation of leukocyte activation,
leukocyte proliferation, T-cell-mediated immunity, immune effec-
tor processes, T-cell differentiation, and T-cell-mediated cytotoxi-
city (Fig. 3H). Specifically, gene-set enrichment analysis (GSEA) of
DEGs demonstrated enrichment of leukocyte-mediated cytotoxi-
city, leukocyte proliferation, cell killing, leukocyte-mediated
immunity, and T-cell differentiation (Fig. 3| and Fig. S4CQ).

An FCM assay was performed to assess the molecules related to
the aforementioned pathways. We observed increases in
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expression of CTLA-4 and TCF-11 CD8" T cells in Traf6-tkO TILs,
and a reduction in expression of Ki67* and GZMB™ CD8™ T cells in
Traf6-tKO TILs (Fig. 3J). This suggests that TRAF6 deficiency
impaired the proliferation and cytotoxic killing ability and
promoted CTLA-4 expression in CD8" TILs in B16 subcutaneous
tumor models. Overall, these results indicate that TRAF6 ablation
impairs the antitumor activity of CD8" T cells.

Given that TRAF6 is an important regulator of T cells [29, 42], Trafé-
tKO mice were tested in heart transplantation models and
experimental allergic encephalomyelitis (EAE) models. The ablation
of TRAF6 in T cells attenuated acute cardiac allograft rejection
(Fig. S2E). Likewise, Traf6-tKO mice were almost completely resistant
to EAE induction compared with control mice, indicating that TRAF6
plays an important role in regulating T-cell encephalitogenicity
(Fig. S2F). These experiments were repeated in Traf6 C70A-T mice.
This revealed that the RING domain mutant TRAF6 C70A in T cells
also attenuated acute cardiac allograft rejection (Fig. S3C) and EAE
induction compared with control mice (Fig. S3D).

Elevated TRAF6 augments antitumor CD8" T-cell immunity
Given that TRAF6 deficiency in CD8" T cells impaired their
antitumor ability, the question was raised as to whether TRAF6
overexpression augments the antitumor response of CD8" T cells.
First, OT-I T cells were retrovirally transduced with vectors
encoding TRAF6 or GFP (control). Quantitative tandem mass tag
(TMT)-based proteomic analysis was used to assess cellular protein
expression (Fig. 4A and Fig. S5A). A volcano plot revealed that 103
proteins were significantly upregulated and 58 proteins were
significantly downregulated in Traf6-OE OT-I T cells (Fig. 4B). The
pathway enrichment analysis of the differentially expressed
proteins (DEPs) involved activation pathways (positive regulation
of leukocyte activation), proliferation pathways (regulation of
leukocyte proliferation), defense response pathways (leukocyte
cell-cell adhesion, immune response-related leukocyte activation,
and positive regulation of leukocyte migration), and cytotoxicity
(regulation of immune effector process; Fig. 4C). The GSEA of DEPs
also demonstrated enrichment of leukocyte-mediated cytotoxicity
and leukocyte proliferation (Fig. 4D and Fig. S5B). CTLA-4 was
consistently downregulated. However, cytotoxic molecules (GZMB
and perforin) and a T-cell receptor (TCR)-induced transcription
factor (IRF4) were upregulated in Traf6-OE OT-l T cells (Fig. 4E).

To further verify whether TRAF6 overexpression promoted the
antitumor response of CD8™ T cells, we adoptively transferred Traf6-
OE or empty vector (EV) CD45.2" OT-l cells into B16-OVA-bearing
CD45.1" WT mice (Fig. 4F). Compared with EV OT-I cells, Traf6-OE
OT-l cells exhibited better antitumor efficacy, as smaller tumors
were observed in the Traf6-OE group (Fig. 4G, H). An increase in
tumor-infiltrating OT-I cells in the Traf6-OE group was observed on
post-cell transfer day 10 compared with the EV group (Fig. 4H, I).
Furthermore, overexpression of Traf6 significantly augmented the
expression of Ki67, GZMB, perforin, and CD107a in tumor-infiltrating
OT-l cells, which was associated with the proliferation and cytotoxic
function of T cells (Fig. 4J-M). Moreover, Traf6 overexpression
decreased the expression of T-cell exhaustion transcription factor
(TCF-1, Fig. 4N) and CTLA-4 (Fig. 40). There was no significant
difference in TOX expression between the two groups (Fig. S5E).
Together, these results showed that elevated TRAF6 expression
promotes the antitumor function of CD8" T cells.

The 0OX40-TRAF6 axis promotes CTLA-4 degradation and
antitumor responses

Previous studies have reported that OX40 signaling drives TRAF6
expression in CD4" T cells and promotes Th9 cell differentiation
[24, 43, 44]. However, the effect of OX40 signaling on TRAF6
expression and the antitumor function of CD8" T cells is unclear.
Similar to previous observations in CD4" T cells, the anti-OX40
agonist antibody (0X86) promoted TRAF6 expression in activated
CD8™ T cells (Fig. 5A). CTLA-4 expression was determined at the
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Fig. 3 Ablation of TRAF6 impairs the antitumor activity of CD8" T cells. A Schematic of the workflow of the animal experiments. B Growth
curves of B16-OVA melanoma in B6 mice that underwent the adoptive transfer of WT or Traf6-tKO OT-I cells (n = 10). Two-way ANOVA test.
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Fig. 4 Elevated TRAF6 promotes the antitumor function of CD8" T cells. A Schematic of the workflow of the proteomics study (B-E). B A
volcano plot of the DEPs between EV OT-I cells and Traf6-OE OT-I cells. C The pathway enrichment analysis of the identified DEPs. D A GSEA
barcode plot of Traf6-OE OT-I cells versus EV OT-l cells. E A heatmap of the representative proteins between Traf6-OE OT-I cells and EV OT-l
cells. F Schematic of the workflow of the animal experiments. G Growth curves of B16-OVA melanoma in CD45.1" B6 mice that underwent the
adoptive transfer of EV or Traf6-OE OT-l cells (n = 6). Two-way ANOVA test. H Bar plots demonstrating tumor weight and cell numbers of CD8"
cells in B16-OVA melanoma tumor masses (n = 4, n = 6). Two-tailed unpaired Student’s t-test and unpaired t-test with Welch's correction were
performed. | Contour plots and bar plots of tumor-infiltrating OT-l cell proportions and numbers (n=4). Unpaired t-test with Welch's
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transcriptional and protein levels. The OX86 group exhibited
significantly higher levels of Ctla4 compared with the IgG1 control
group (Fig. 5B). However, FCM analysis revealed no significant
difference in CTLA-4 protein levels between the two groups
(Fig. S6A).

The degradation assay revealed that OX86 significantly
accelerated CTLA-4 degradation in activated CD8™" T cells (Fig. 5C).
To further explore the in vivo effect of OX86 on CTLA-4 expression
and the antitumor activity of CD8™ T cells, OX86 and IgG1 (control)
were intraperitoneally injected into B16-OVA tumor-bearing mice
with adoptively transferred OT-l cells (Fig. 5D). FCM analysis
reported a decrease in CTLA-4 expression in tumor-infiltrating OT-I
cells in the OX86 group (Fig. 5E). The OX86 group exhibited slower
tumor growth and an increased proportion of tumor-infiltrating
OT-l cells (Fig. 5F, G). OX86 treatment significantly augmented the
expression of Ki67, GZMB, perforin, FasL, and IFN-y in tumor-
infiltrating OT-I cells. However, it decreased the expression of TCF-
1, and there was no significant difference in TOX expression
(Fig. 5H, Fig. S6F, G). Given that the decreased expression of CTLA-
4 may lead to the overactivation of the immune system [45], we
measured the body weight and performed pathological analysis
on the heart, lungs, kidneys, and liver in mice, and found that
OX86 increased inflammatory infiltrates in the lungs (Fig. S6D) and
exerted a slight effect on the body weight of mice (Fig. S6C). In
addition, we also found a decrease of Tregs in tumors with OX86
treatment (Fig. S6E), which may contribute to the antitumor effect
of OX86. The antitumor efficacy of Th9 cells is dependent on the
upregulated expression of TRAF6 [29]. Subsequently, whether the
antitumor activity of OX86 is dependent on TRAF6 was
investigated. WT CD45.2% OT-l cells or Traf6-tkO CD45.2" OT-l
cells were adoptively transferred into B16-OVA tumor-bearing
CD45.1" Rag1™~ mice, which were then treated with OX86
(Fig. 51). Trafé6 deficiency in OT-I cells attenuated the antitumor
activity of OX86 (Fig. 5I). To further evaluate the synergistic
antitumor effect of OX86 with ICB, B16-OVA tumor-bearing mice
were treated with OX86 in combination with anti-programmed
cell death 1 ligand 1 (PD-L1) or anti-CTLA-4 blocking antibodies.
Compared with the anti-CTLA-4 antibody, the anti-PD-L1 blocking
antibody significantly enhanced the antitumor efficacy of OX86
(Fig. 5J, K), suggesting a synergistic antitumor effect between
0OX86 and PD-1 pathway blockade.

The correlation between the OX40-TRAF6 axis and clinical
features in melanoma patients

Finally, we assessed the correlation between the OX40-TRAF6 axis
and clinical features in patients with melanoma. By analyzing RNA-
sequencing data in The Cancer Genome Atlas (TCGA) datasets, we
revealed that TNFRSF4 and TNFSF4 (which encode OX40 and the
OX40 ligand, respectively) mRNA levels were significantly
increased in melanoma tissues compared with normal tissues
(Fig. 6A). However, there were no significant changes in TRAF6
MRNA expression between the tissues (Fig. 6A). As the OX40-
OX40L pathway induces TRAF6 expression [24], the infiltration
level of immune cells in tumor tissues was analyzed in TNFSF4/
TNFRSF4 high- and low-expression tumor tissues. The number of
CD8' T cells was significantly increased in the TNFRSF4 and
TNFSF4 high-expression groups (Fig. 6B and Fig. S7A). Further-
more, correlation analysis using Spearman’s rank-order method
comparing TNFSF4/TNFRSF4 expression and the infiltration levels
(ImmuneScore) of tumor immune cells revealed a positive
correlation between TNFSF4/TNFRSF4 expression and tumor
CD8" T-cell infiltration levels (Fig. 6C and Fig. S7B). A significant
correlation between TRAF6 expression and TNFSF4 expression was
found by analyzing the TCGA patients with melanoma database
(Fig. S7C). Patients with high TNFSF4/TNFRSF4 expression had a
significantly better prognosis than those with low TNFSF4/TNFRSF4
expression in the TCGA cohort, but patients with high LRBA
expression did not (Fig. 6D and Fig. S7D). Overall, these results
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proved the relevance of a regulatory link between the OX40-
TRAF6 axis and CD8™ T-cell functional potency in human cancer.

DISCUSSION

In this study, we identified TRAF6 as a key ubiquitin E3 ligase that
regulates CTLA-4 expression and T-cell antitumor activity. More-
over, OX40 signaling regulates the expression of TRAF6 and CTLA-
4, with the results highlighting the OX40-TRAF6-CTLA-4 axis as a
potential therapeutic target for tumor immunotherapy (Fig. S8).

CTLA-4 is a crucial immune checkpoint for T-cell activation and
contributes to tumor immune evasion and degradation through
the autophagy-lysosome pathway [19, 33, 46]. Our previous study
showed that MG132 accelerates the degradation of CTLA-4 [33].
Given that MG132 has also been identified as an autophagy
inducer by inducing p62 phosphorylation [47], we infer that the
promotion of CTLA-4 degradation by MG132 may due to the
activation of autophagic flux. Similar to the previous in vitro study
on PD-1 expression in T cells that decreased after 72 h of TCR-
activation [48], we also observed a decrease in CTLA-4 MFI 72 h
activation, which may be due to exhaustion of the anti-CD3/CD28
antibody in the cell medium. To elucidate the degradation
mechanism of CTLA-4 in T cells, its ubiquitin modification was
assessed. In line with the findings of a previous study [49], CTLA-4
was found to be modified by ubiquitylation in activated CD8"
T cells. In this study, we demonstrated that TRAF6 induces CTLA-4
protein degradation via binding to CTLA-4 and modifying it
through K63-linked ubiquitylation. Given that LRBA deficiency
reduces CTLA-4 expression by blocking its trafficking to lysosomes
[19, 50], the relationship between TRAF6 and LRBA in CTLA-4
regulation deserves further investigation. However, whether
TRAF6 directly binds to CTLA-4 or other proteins that participate
in CTLA-4 degradation requires further investigation.

Our findings indicate that Traf6 deficiency results in an
increased CTLA-4 protein levels in T cells, which is consistent
with previous studies by Ni et al and Dewayani et al. [51, 52].
Moreover, by using Traf6-deficient mice and retroviral over-
expression experiments, we have confirmed that TRAF6 mediates
CTLA-4 degradation in a T-cell-intrinsic manner, which is
dependent on the RING domain of TRAF6. However, the crosstalk
between TRAF6 and FOXP3 involved in the regulation of CTLA-4
expression requires further investigation. Worth noting is that, Lee
et al showed that TRAF6 plays a pivotal role in activating
autophagy in cancer cells [53], suggesting that enhanced
autophagic flux by TRAF6 in T cells may be an additional layer
of mechanism in regulating CTLA-4 degradation, which needs
further investigation. Other checkpoint receptors (such as PD-1
and LAG3), which were downregulated in the Traf6 overexpression
group, maybe a potential mechanism involved in the regulation of
the OX40-TRAF6 axis in antitumor CD8" T-cell immunity. Previous
researchers have reported that Trafé6 knockout suppresses
antitumor activity and IFN-y production in CD4™ T cells [21, 29].
The current results indicate that TRAF6 is critical for the antitumor
activity of CD8" T cells, as Traf6 deficiency results in impaired
effector functions and higher TCF-1 expression in T cells. Although
we demonstrated that TRAF6 promotes T-cell-mediated antitumor
activity by regulating CTLA-4 degradation, the CTLA-4 indepen-
dent regulatory mechanism of TRAF6 on needs further investiga-
tion. Given that TCF-1 is a crucial transcription factor in progenitor-
exhausted T cells, it is plausible that TRAF6 might regulate the
progenitor state of exhausted cells. These results highlight that
TRAF6 regulates CTLA-4 degradation in a T-cell-intrinsic manner
and is critical for antitumor responses of T cells.

The tumor necrosis factor receptor OX40 (CD134) plays a
proinflammatory role in antiviral immunity and autoimmunity by
regulating CD4" T-cell differentiation [54, 55]. Xiao et al. reported
that OX40 signaling promotes the expression of TRAF6 and favors
the induction of Th9 cells [24]. By using OX86, an OX40 agonist,
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in vitro and in vivo, OX40 signaling was shown to activate TRAF6
and facilitate CTLA-4 degradation and antitumor activity in CD8"
T cells. Furthermore, the enhancement of antitumor T-cell responses
by OX40 stimulation was TRAF6 dependent. A significant body of
data suggests that the combination of PD-1 blockade and OX40
agonist strengthens the activation of CD4" and CD8™ T cells during
antitumor [56], antiviral [57], and anti-infection immunity [58]. In this
study, an OX40 agonist was observed to coordinate with PD-1 but
not CTLA-4 blockade in antitumor immunity. These results indicated
that there are overlapping mechanisms between OX40 activation
and CTLA-4 blockade in tumor immunotherapy. Given the different
effects of OX40 activation and CTLA-4 blockade in immune cells,
such as invariant natural killer T cells and neutrophils [59, 60],
additional clinical investigations in cancer treatment are needed. In
patients with melanoma, RNA-sequencing analysis revealed a
positive correlation between the OX40 pathway and tumor-
infiltrating CD8™ T cells. Furthermore, OX40 signaling was associated
with increased overall survival in patients with melanoma. By
interrogating the TCGA database (data not shown), we found that
there was no significant difference in TRAF6 expression between
melanoma tissues and normal tissues, and the expression of TRAF6
had no correlation with CD8* T-cell infiltration in tumors and patient
survival. Due to TRAF6 is expressed primarily in myeloid cells [61-63],
bulk RNA-seq of the tumor sample cannot reflect the expression of
TRAF6 in CD8™" TILs. As gene expression in TILs cannot be analyzed
by the TCGA database, further clinical studies are needed to
strengthen our conclusions. Overall, our findings highlight the
potential of the OX40-TRAF6-CTLA-4 axis as a viable therapeutic
target for improving T-cell-based immunotherapies.
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