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ARTICLE INFO ABSTRACT

Tumors escape immune attacks via various mechanisms, among which activation of regulatory pathways in
effector immune cells and recruitment of immunosuppressive cells are usually employed. Traf6 is a member of
the family of tumor necrosis factor receptor-associated factors and involved in many signaling pathways. While it
plays important roles in both tumor biology and immune system, the potential therapeutic role of Traf6 in tumor

Keywords:

Hepatocellular carcinoma
Traf6 inhibitor
Regulatory T cells

?Algrano;l immunotherapy hasn’t ever been assessed. Here, we confirmed the anti-tumor effect of Traf6 inhibitor in Hepal-
mmunotheraj . N . . .
PD-1 Py 6 tumor model. Flow cytometry-based analysis revealed that T cell-mediated antitumor immunity was provoked

and the infiltration of Treg cells was restrained when treated with Traf6 inhibitor. Via an in vivo migration assay,
we found that Traf6 inhibitor decreased the population of intratumor Tregs by impeding the migration of Tregs
towards tumor. Finally, we demonstrated that combination of Traf6 inhibitor and PD-1 blockade could receive a
better antitumor efficiency. These results implicated that Traf6 inhibitor could serve as a supplement for immune

checkpoint therapy.

1. Introduction

Hepatocellular carcinoma (HCC), an inflammation-related cancer, is
emerging as the fourth leading cause of cancer-related death worldwide
[1,2]. As one of the major characteristics of HCC, immune evasion often
accomplishes via activation of immune checkpoint signaling pathways,
such as programmed death 1 (PD-1)/PD-1 ligand 1 (PD-L1) axis or
through recruitment of immunosuppressive cells including Foxp3™
regulatory T cells (Tregs) [1,3,4]. Recently, blockade targeting
PD1-PDL1 pathway has produced favorable responses in treatment of
various cancer types including HCC [5-8], and a phase 1/2 trial for
HCC indicated that nivolumab treatment showed promising results in
advanced HCC patients [5]. Although these immune checkpoint
blockades were shown as a potentially effective treatment for patients
suffering HCC, combination treatments of distinct immune checkpoint

blockades or immune checkpoint blockade plus other therapies are still
expected to be more efficient and safer [1,8,9].

Foxp3-expressing Treg cells play an essential role in maintaining
immune homeostasis by suppressing aberrant immune responses [10].
However, the suppressive function of these cells in dampening the ac-
tivation of other lymphocytes also impedes potent anti-tumor immunity
[11]. Various studies have demonstrated that a great number of Treg
cells infiltrated into various types of tumors in humans, such as head
and neck, breast, lung, ovary, and liver [12-16]. Meanwhile, the in-
creased ratio of Foxp3 ™ Treg cells to tumor-infiltrating CD8* T cells is
shown to correlate with poor prognosis [17]. Furthermore, the high
frequency of intratumor Treg cells, especially in solid tumors, is in-
versely correlated with the survival of patients [18]. Therefore, nu-
merous efforts have been made to provoke efficient antitumor im-
munity by removal of Treg cells in tumor setting [11].
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Traf6, a member of the family of tumor necrosis factor receptor-
associated factors (Trafs), is a kind of adaptor proteins and is unique for
its role in activating a cohort of signaling pathways, such as NF-kB
signaling [19,20]. It has been documented that Traf6 overexpression
occurred in a broad spectrum of cancers [21], such as melanoma [22]
and oral squamous cell carcinoma [23]. Moreover, Sun et al. [24] re-
vealed that Traf6 promoted the angiogenesis of lung cancer cells by
upregulating HIF-1a. Li et al. [25] showed that Traf6 contributed to
metastasis and deterioration of HCC via influencing cell growth and
apoptosis. In the context of immune system, on another hand, Traf6
plays a critical role in the development, activation, and homeostasis of
various immune cells [26]. Our recent findings demonstrated that Traf6
facilitated the nucleus-translocation of Foxp3 and therefore contributed
to the in vivo function of Tregs [27]. However, the potential therapeutic
role of Traf6 in tumor immunotherapy is still unclear.

In the present study, we found that the growth of Hepal-6 tumor in
immunocompetent mice was restrained by Traf6 inhibitor treatment,
but not in immunodeficient mice. This result suggests that Traf6 may
exert immune regulatory function within tumor in vivo. Further analysis
demonstrated that Traf6 inhibitor could reduce the migration of Tregs
into tumor site and therefore augment T cell-mediated antitumor im-
munity. In addition, combined use of Traf6 inhibitor and anti-PD1
blockade received more efficient responses in rejection of Hepal-6
tumor. Our findings provide evidence for Traf6 as a potential ther-
apeutic target to combat tumor.

2. Materials and methods
2.1. Mice and tumor cell line

C57BL/6 mice and NOD CRISPR Pakdc I12r gamma (NCG) mice
were purchased from Model Animal Research Center of Nanjing
University (Nanjing, China), and used in immunocompetent or im-
munodeficient mice experiments, respectively. Animals were main-
tained under specific pathogen-free condition. All the mice were female
and used at the ages of 6-8 weeks. Animal protocols were approved by
Nanjing Medical University. The murine hepatoma cell line Hepal-6
established from C57L/j mice was purchased from Cell Center of
Shanghai Institutes for Biological Sciences (Shanghai, China). These
cells were cultured and maintained in Dulbecco's Modified Eagle
Medium (DMEM, Invitrogen) supplemented with 10% fetal bovine
serum (HyClone), 100 U/mL penicillin, and 100 g/mL streptomycin in a
humidified atmosphere containing 5% CO, at 37 °C.

2.2. Tumor growth experiments and cell depletion

4 x 10° Hepal-6 tumor cells suspended in 100 ul PBS were sub-
cutaneously (s.c.) injected into the slaved side flank of the indicated
strain of female mice at the ages of 6-8 weeks. When the tumor was
palpable (approximately 7 days post-injection), 70 ug/mouse/injection
of Traf6 inhibitor (DRQIKIWFQNRRMKWKKRKIPTEDEY) or control
peptide (DRQIKIWFQNRRMKWKK) (Novus Biologicals), 200 ug/
mouse/injection of anti-PD1 antibody (clone RMP1-14, BioXCell) or
combination of inhibitory peptide and anti-PD1 antibody was injected
intraperitoneally (i.p.) twice a week as indicated. In indicated experi-
ments, 10 pmol/kg/injection small molecular inhibitor 6877002
(abcam) or control vehicle was injected i.p. every two days. In some
experiments, cellular subsets were depleted by administering 300 pg of
neutralizing antibody or control rat IgG i.p. twice weekly beginning one
day prior tumor cell inoculation as indicated: CD4+ T cells with anti-
CD4 (clone GK1.5, BioXCell), CD8+ T cells with anti-CD8a (clone
53-6.72, BioXCell), Treg cells with anti-CD25 (clone PC-61:5.3,
BioXCell). Tumor progression was assessed by measuring changes in
tumor length (L) and width (W) with electronic caliper over time.
Tumor volumes were calculated using the standard formula
(V=L*W?%/2).
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2.3. Isolation of tumor-infiltrating lymphocytes

For isolation of the tumor-infiltrating lymphocytes, the tumors were
excised from the mice and cut into small fragments, followed by di-
gestion in RPMI1640 (Invitrogen) containing 2% fetal bovine serum,
0.05% collagenase type IV (gibco) and 0.01% DNase I (Invitrogen) for
1 h at 37 °C. The resulting cell suspension was smashed through a 70 pm
nylon cell-strainer and then overlaid on 40%/80% Percoll (GE
Healthcare) gradient and centrifuged at 450g for 20 min at room tem-
perature. Lymphocytes were recovered from the interphase.

2.4. In vivo migration assay of Treg cells

For in vivo assessment of Tregs migration, single-cell suspensions
from spleens and lymph nodes of healthy donor mice were labeled with
carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen) ac-
cording to the manufacturer’s instruments. Then, the labeled cells were
injected intravenously (3 x 107 cells per recipient mouse) into tumor-
bearing recipients (mean tumor size, 1000 mm?). These animals were
treated with Traf6 inhibitor or control peptide twenty-four hours prior
transfer. Sixteen hours later, tumors and spleens were resected from the
recipients and subjected to FACS analysis to determinate the fraction of
Treg cells within CFSE-labeling cells.

2.5. Flow cytometry and antibodies

For extracellular staining, harvested cells were washed and in-
cubated in PBS containing 2% FBS with fluorochrome-conjugated an-
tibodies in a U-bottom 96-well plate. For intracellular staining, cells
were fixed and permeabilized using eBioscience FOXP3 Staining Kit. In
experiments detecting intracellular cytokines, harvested cells were re-
stimulated with PMA and Ionomycin in the presence of Golgi-Plug (BD
biosciences). After five-hour incubation, the cells were fixed/permea-
bilized (eBioscience) and incubated with antibodies against IFN-y or
TNF-a. In the cell cycle assay, tumor cells were fixed in ice-cold 75%
ethanol overnight, followed by PI (BioLegned) staining to reflect the
DNA contents. Mice-specific monoclonal antibodies used for flow cy-
tometry including CD3 (clone 17A2), CD4 (clone RM4-4), CD8 (clone
53-6.7), TNF-a (clone MP4-XT22), CCR4 (clone 2G12) and Annexin V
were purchased from BioLegend. Antibodies against Foxp3 (clone FJK-
16s), CD25 (clone PC61.5), CD103 (clone 2E7), Ki-67 (clone SolA15)
and INF-y (clone XMG1.2) were purchased from eBioscience.

2.6. Western blot analysis

cells cultured in various concentration of Traf6 inhibitor were lysed
with RIPA buffer (50 mM Tris-HCl, pH7.4, 1% Nonidet P-40, 0.5%
Nadeoxycholate, 150 mM NaCl, 1 mM EDTA, with 1 mM PMSF, 1 mM
Na3VO4, 1 mM NaF) containing protease inhibitor cocktail (Sigma).
Cell lysates were separated by standard SDS-PAGE and analyzed by
immunoblot. Rabbit polyclonal antibodies against p-Akt(t308), p-Akt
(s473), total Akt, Bcl-xl, cleaved caspase-3 were purchased from Cell
Signaling Technology, while mouse monoclonal antibody against
GAPDH was purchased from Abcom.

2.7. TUNEL assay

The Klenow-FragEL. DNA Fragmentation Detection Kit (EMD
Chemicals) was used to detect the DNA fragmentation characteristic of
necrosis/apoptosis in formalin-fixed paraffin-embedded tumor sections.
Results were scored semi-quantitatively by averaging number of
apoptotic cells/microscopic field at 200 x magnification. Ten fields
were evaluated per sample.
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Fig. 1. Traf6 inhibitor slows Hepal-6 tumor growth in immunocompetent mice. Immunodeficient NOD CRISPR Pakdc I12r gamma (NCG) mice and im-
munocompetent C57BL/6 mice were challenged subcutaneously (s.c.) with 4 x 10° hepatocellular Hepal-6 cells. When those tumors were palpable about 7 days
after implantation, mice were administrated i.p. with Traf6 inhibitor or control peptide. The tumor dimensions were monitored every 4 days, and tumor volumes
were calculated accordingly. The tumors were dissected from mice at day 23 post tumor-implantation. (A, B) Growth curves of tumors implanted in immunodeficient
and immunocompetent mice respectively; NS, no significance; *p < 0.05; **p < 0.01, unpaired t test. (C) Representative image for tumors dissected form im-
munocompetent mice treated with Traf6 inhibitor or not (Scale bar: 1 cm). (D) Proliferation of cells cultured with various concentrations of Traf6 inhibitor as
indicated was assessed by CCK8 assay. P = 0.0636, unpaired t test. (E, F) Cell cycle analysis for cells cultured in media with or without 20 pg/ml Traf6 inhibitor.
Shown are representative counter dots of three independent experiments (E) and summarized values (F). (G) Western-assisted analysis of p-AKT(t308), p-Akt(s473),
total-Akt, Bel-xl, cleaved Caspase-3, Representative of three experiments. (H) Cell apoptosis by TUNEL staining in tumors implanted in NCG mice treated with Traf6i
or control peptide. Results scored semi-quantitatively by averaging the number of apoptotic cells (mean *= SEM) per field at X 200 magnification (Scale bar: 50 um).
Representative of 5 mice/group.
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Fig. 2. Traf6 inhibitor reinforces T cell immunity by reducing tumor infiltration of Treg cells. (A) Tumor growth curves from Hepal-6 bearing mice that were treated
with or without Traf6 inhibitor in the presence of anti-CD4 mAb (GK1.5), which was administrated to deplete CD4 T cells. NS, no significance, unpaired t test. (B)
Tumor growth curves from Hepal-6 bearing mice that were treated with or without Traf6 inhibitor in the presence of anti-CD8 mAb (53-6.72), which was
administrated to deplete CD8 T cells. NS, no significance, unpaired t test. (C, D) Flow cytometric characterization of tumor-infiltrating lymphocytes from mice treated
with Traf6 inhibitor or control peptide (n = 3/group). Suspensions of intratumor lymphocytes recovered from indicated mice were stained for surface markers (CD3,
CD4, CD8) and proinflammatory cytokines (following ex vivo reactivation in the presence of PMA/ionomycin and Golgi Stop, fixation, and permeabilization).
Representative dot images from three independent experiments are shown in C, meanwhile the frequencies of CD4* and CD8* T cells among tumor-infiltrating
lymphocytes as well as pro-inflammatory cytokines (IFNy and TNFa) producing fractions of CD4" and CD8* T cells are summarized in D. (E. F) Frequencies of
Foxp3™ T cells within CD4™ T cells in tumors, draining lymph nodes (dLNs) and spleens from indicated mice were measured by flow cytometry. Representative dot
images from three independent experiments are shown in E, while F depicts the mean + SEM across three independent experiments. Significances were identified by
unpaired t tests, NS, no significance, *p < 0.05; **p < 0.01. (G) Absolute number of tumor-infiltrating CD4 *Foxp3* Treg cells per gram tumor was determined by
flow cytometry. Shown are mean = SEM from three independent experiments. **p < 0.01, unpaired ¢ test.
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2.8. RT-qPCR analysis

Total RNA was extracted with TRlzol (invitrogen) followed by cDNA
synthesis reaction using ReverAid First Strand cDNA Synthesis Kit
(ThermoScientific) in a 20 ul/well. The same amount of RNA was used
in each cDNA synthesis reaction measured by OneDrop
Spectrophotometer (TheroScientific). The same volume of cDNA per
sample was prepared for real-time PCR analysis using SYBR Green
(Vazyme) and the indicated primers to assess transcript level of each
gene.

2.9. CCKS8 assay

For CCK8 assay, 2 x 10° cells were plated in 96-well plates and
cultured in completed DMEM medium in the presence of various con-
centrations of Traf6 inhibitor (0, 0.1, 1, 5, 20 ug/ml) for 4 days. Cell
Counting Kit-8 (CCK8) was used to evaluate the cell proliferation.
Briefly, 10 ul CCK8 solution was added to each well and cells were
incubated for 2h at 37 °C. The cell viability was revealed by the ab-
sorbance which was measured at 450 nm.
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2.10. Statistical analysis

Statistical differences among multiple groups were determined
using a two-way analysis of variance (ANOVA) with NewmaneKeuls
Multiple Comparison Test, unless otherwise indicated. Unpaired, two-
tailed student’s t-tests were used for single-comparisons. For survival
comparisons, Log-rank tests were used. In general, P values < 0.05
were considered significant and were indicated as follows: *P < 0.05,
**P < 0.01, ***P < 0.001, NS: not significant. GraphPad Prism7 was
used to calculate P values.

3. Results
3.1. Traf6 inhibitor-mediated antitumor effect is immunity dependent

To investigate whether Traf6 inhibitor (Traf6i) could affect the
tumor growth of hepatocellular cancer. Hepal-6 tumor model was es-
tablished by subcutaneous injection 4 x 10° Hepal-6 murine liver cell
line into immunodeficient NCG mice and immunocompetent syngeneic
C57BL/6 mice. Tumor growth was monitored over time, and, intrigu-
ingly, we found that there were no significant volume differences
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Fig. 4. Treatment with Traf6 inhibitor impedes the migration of Foxp3* cells into tumor. (A) Schema for the in vivo migration assay of regulatory T cells.
Immunocompetent mice bearing Hepal-6 tumors (average size, 2000 mm?®) at day 21 after tumor inoculation were treated with an intraperitoneal injection of Traf6
inhibitor or control peptide (n = 4/group). Twenty-four hours later, the mice received an intravenous transfer of CFSE-labeling cells of the spleens and lymph nodes
from normal donor mice. Tumors and spleens were resected from recipients sixteen hours after transfer, followed by flow cytometric analysis of intratumor and
splenic CFSE™ T cells. (B, C) Proportions of Foxp3™ Treg cells within CFSE* CD3* CD4 * cells were analyzed in tumors and spleens resected from Traf6 inhibitor or
control peptide treated mice. Results are shown for one representative mouse per group (in tumor and spleen; B) and average of all mice per group (n = 4; C).
**p < 0.01, unpaired t test. (D, E) Expressions of CD103 and CCR4 on tumor-infiltrating Tregs from mice treated with Traf6 inhibitor or not were detected through
FACS and overlapped by Flowjo. Shown are representative counter dots for CD103 and CCR4 (D) and mean * SEM from three independent experiments (E). NS, no
significance, unpaired ¢ test. (F) Relative expressions of several migration-related chemokines within tumors were detected by RT-qPCR. Mean * SEM are shown,
**p < 0.01, unpaired t test. (G) Tumor growth curves from Hepal-6 bearing mice that were treated with or without Traf6 inhibitor in the presence of anti-CD25
mAb (PC-61:5.3) or an isotype control antibody. **p < 0.01; ***p < 0.001, unpaired t test.
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between tumors treated with control peptide and Traf6i in the im-
munodeficient mice (Fig. 1A). In contrast, Traf6i did slow tumor growth
in the immunocompetent mice when compared to those of control an-
imals (Fig. 1B—C). The inhibitor we used above was a peptide proven to
inhibit the binding of both Rank and CD40 to Traf6 in vivo and in vitro
[28,29], which may raise concerns about its stability in animals. To this
end, a small molecular inhibitor that binds to Traf6 and blocks the
interaction between Traf6 and CD40 was also employed and achieved
similar results (Supplementary Fig. 1). These data suggested that while
Hepal-6 cell line was resistant to Traf6i-mediated modulation of
growth, Traf6i could exert antitumor activity through mechanisms as-
sociated with tumor immunity.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.intimp.2019.105965.

To further confirm the Traf6i-resistant characteristic of Hepal-6 cell
line, CCK8 assay and cell cycle analysis were performed. Results
showed that Traf6i had no significant impact on cell proliferation
(Fig. 1D) or cellular cycle distribution (Fig. 1E-F) even at a high con-
centration of 20 pg/ml. Furthermore, western blot analysis showed that
Traf6i had litter effect on the activation of the Akt signaling pathway,
which is essential for the modulation of cell survival against apoptosis
(Fig. 1G). In line with above findings, TUNEL staining of sections of
tumors from NCG mice showed comparable frequency of apoptotic cells
between Traf6i-treated mice and the counterparts (Fig. 1H). In con-
clusion, these data demonstrated that Traf6i decreased tumor growth of
Hepal-6 in an immunity dependent manner.

3.2. Traf6 inhibitor promotes T cell immunity and reduces tumor infiltration
of Treg cells

We speculated that T cell immunity might be involved in the Traf6i-
mediated antitumor effect. Indeed, depletion of either CD4* or CD8* T
cells by specific mAbs almost completely abrogated the tumor-fighting
effect of Traf6i in C57BL/6 mice, supporting the notion that the anti-
tumor activity of Traf6i is associated with both CD4* and CD8™* T cells.
To gain further insight into the mechanisms underlying Traf6i-mediated
rejection of tumor, tumor-infiltrating lymphocytes (TILs) from Hepal-6
tumors were separated and identified by flow cytometry. As shown in
Fig. 2C-D, although the populations of CD4* and CD8* T cells were
not markedly elevated in Traf6i-treated tumors, these cells produced
significantly higher levels of IFN-y and TNF-a. This phenomenon sug-
gested that the activation of CD4" and CD8™ TILs were much less re-
strained under the Traf6 inhibition environment. In comparison with
control mice, Traf6i significantly reduced the fraction of tumor-in-
filtrating CD4*Foxp3 ™ Treg cells (Fig. 2E-G), which has been proved
to suppress the activation of other lymphocytes and therefore pose a
major barrier to effective antitumor immunity. However, there were no
significant differences in the frequency of Treg cells in draining lymph
nodes and spleens between these two groups (Fig. 2E-F). Collectively,
our findings revealed that Traf6i augmented T cell-based antitumor
immunity by selectively reducing the infiltration of Foxp3™* Treg cells
in the tumor niche.

3.3. Traf6 inhibitor shows no impact on the proliferation and apoptosis of
intratumor Tregs

To determine the reason for the reduction of intratumor Treg cells,
we firstly evaluated the proliferation of these cells by FACS. The ex-
pression of Ki-67, an intracellular marker for cell proliferation, in in-
tratumor Tregs from Traf6i-treated mice was comparable to those from
counterparts (Fig. 3A, B). The cellular apoptosis of tumor-infiltrating
Treg cells was also analyzed by Annexin V staining in CD4*CD25*T
cells fraction, which was regarded as Treg cells for the co-expression of
Foxp3 (about 86%) (Fig. 3C). As shown in Fig. 3D, no significant dif-
ferences were observed between these two groups, indicating that the
cell apoptotic status was not altered by treatment of Traf6i. In
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conclusion, although Traf6 inhibitor reduced the frequency of Treg cells
in tumor, the proliferation and viability of these cells remained un-
changed with treatment of Traf6i.

3.4. Traf6 inhibitor abrogates the migration of regulatory T cells into tumor

To explore whether the reduced number of intratumor Treg cells
stems from decreased migration of Foxp3™ cells into tumor, we dis-
sected the trafficking of adoptive transferred lymphocytes in tumor-
bearing immunocompetent animals. Mice bearing established Hepal-6
tumor received one intraperitoneal injection of Traf6i. Twenty-four
hours later, CFSE-labeling cells from spleens and lymph nodes of
healthy donor mice were intravenously transferred into those mice.
Tumors and spleens were resected sixteen hours after cell transfer and
then subjected to flow cytometry analysis (Fig. 4A). Surprisingly, in the
Traf6i-treated mice, the populations of transferred Treg cells
(CFSE*CD3*CD4 "Foxp3™) within CFSE*CD3"CD4" cells were re-
duced almost 2.5-fold compared with those in control mice (Fig. 4B, C).
In contrast, no differences in the fraction of transferred Tregs were
observed in the spleens, which indicated that migration of regulatory T
cells into the tumor site was specifically restrained.

Prior studies have documented that the peripheral migration and
retention of Treg cells were majorly mediated by the interaction of
specific integrins and chemokine receptors expressed on these cells
[30]. To shed light on the molecular mechanisms behind the decreased
migration of Tregs into the tumor site upon treatment with Traf6i,
several Treg-related chemokines and chemokine receptors were ana-
lyzed. Firstly, expressions of two receptors, CCR4 and CD103, which
were reported critically involved in Tregs migration and retention in
tissues respectively [31,32], were detected by FACS. Results showed
that treatment with Traf6i did not alter the surface expression of CCR4
or CD103 of Foxp3™ cells (Fig. 4D, E). Several chemokines such as
CCL5, CCL17, CCL21, CCL22, CXCL12 have been reported to direct
tissue homing of Treg cells in distinct circumstances. We detected in-
tratumor levels of all these chemokines in Hepal-6-bearing mice
through RT-qPCR. As shown in Fig. 4F, while the level of CCL5, CCL17,
CCL21, CXCL12 were not apparently altered, treatment with Traf6i
strikingly decreased the CCL22 level, which has been implied in the
migration of Treg in several malignant tumors [33-35].

Although the abovementioned experiments established the con-
tribution of reduced migration of Treg cells to Traf6i-mediated aug-
mentation of antitumor immunity, the possibility that Traf6i exerts its
antitumor effect through other mechanisms cannot be excluded. To this
end, Treg depletion by anti-CD25 mAb was employed to further probe
the mechanism of the antitumor activity of Traf6i. The efficiency of
Treg depletion by intraperitoneal injection of this antibody was con-
firmed by staining of lymphocytes from the antibody-treated mice (data
not shown). In line with previous studies, tumor growth was markedly
slowed in the Treg-depleting group [36]. In contrast, combination of
Traf6 inhibitor and anti-CD25 antibody showed no more effective on
reduction of the tumor growth in comparison with the anti-CD25 alone
group. This indicated that depletion of tumor-infiltrating
CD4"CD25 *Foxp3 * Treg cells could abrogate the antitumor function-
ality of Traf6i. All above results demonstrated that Traf6i could reduce
the CCL22 level in tumor and therefore dampen the migration of Tregs
into the tumor site, which contributed to Traf6i-mediated antitumor
effect.

3.5. Traf6 inhibitor cooperates with PD-1 blockade to promote tumor
rejection

Immune checkpoint blockades, such as anti-CTLA-4, anti-PD1/PD-
L1, have become highly promising cancer therapeutic approaches to
combat tumors including HCC [5,8], and combining these agents has
shown synergistic effects in driving tumor rejection [9]. To check if
Traf6i could work as a supplement for PD-1 blockade to fight tumors,
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Fig. 5. Combination of Traf6 inhibitor and anti-PD1 blockade achieves a better anti-tumor efficiency. Syngenetic C57BL/6 mice were inoculated with 4 x 10° Hepal-
6 cells. When tumors were palpable at day 7, tumor-bearing mice were administrated i.p. with PBS or Traf6 inhibitor or anti-PD1 or combination of both. Tumor
growth was assessed over time and recorded. Tumors were resected from mice 23 days after tumor implantation and TILs were recovered and subjected to FACS
analysis. (A) Tumor growth curves of different groups (n = 5), **p < 0.01, unpaired t test. (B) Survival of tumor-bearing mice from different groups (n = 8),
*p < 0.05, Log-rank test. (C) Representative dot images showing frequencies of CD4*, CD8* and CD4*Foxp3™ T cells among TILs as well as IFNy-producing
fractions within CD4 " and CD8™* T cells from three independent experiments. (D) Summarized analysis from (C), *p < 0.05; **p < 0.01, unpaired t test.
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mice bearing Hepal-6 tumor received a combination treatment of anti-
PD1 and Traf6 inhibitor, as the control anti-PD1 alone, Traf6 inhibitor
alone, and PBS were utilized. Strikingly, combination treatment
achieved much more potent antitumor efficacy, as shown delayed
tumor growth and prolonged survival duration than single use of Traf6i
or anti-PD1 (Fig. 5A, B). The decidedly enhanced anti-tumor activity
seen upon was associated with the improved proportions of INFy-pro-
ducing CD4* and CD8™" T cells and the reduced Tregs presence in the
tumor microenvironment (Fig. 5C, D). These findings strongly sug-
gested the potential of Traf6 inhibitor as one synergistic agent for im-
mune checkpoint therapy.

4. Discussion

Previous researches showed that Traf6 was overexpressed in tumors
and involved in carcinogenesis and various tumor biology [21]. In HCC,
Traf6 recently has been proved to promote tumorigenesis by improving
expression and stability of c-myc [37]. In the present study, we tested
the antitumor effect of Traf6 inhibitor in the Hepal-6 model. To our
surprise, inhibition of Traf6 did not slow the tumor growth in im-
munodeficient NCG mice (Fig. 1A). We contributed this to cell-line
specific resistance. Indeed, in ex vivo experiments (Fig. 1D-F), Hepal-6
cells showed less responses even at a high concentration of Traf6 in-
hibitor. In addition, gene expression of Akt signaling pathway, playing
crucial roles in modulation of cell survival against apoptosis, remained
unchanged when treated with Traf6i, which may contribute to re-
sistance to Traf6i of Hepal-6 cell line (Fig. 1G). However, restraining
Traf6 activity did achieve a tumor-fighting effect in immunocompetent
C57BL/6 mice (Fig. 1B-C), suggesting the notion that antitumor im-
munity was provoked by the administration of Traf6 inhibitor.

It is well documented that Traf6 was an indispensable adaptor for
the immune system [26]. Clearly demonstrating the importance of this
factor, chimera mice using Traf6-deficient donor bone marrow showed
to develop serious autoimmune diseases [38]. Moreover, Traf6 plays an
essential role in regulatory T cells [27,39-41], whose suppressive
function is always employed by tumors to escape immune attacks [11].
In our present research, inhibition of Traf6 reduced the frequency of
intratumor Tregs, leading to more potent T cell-based antitumor im-
munity (Fig. 2C-F). There are three main reasons may account for the
reduction of intratumor Treg cells: (a) downregulation of cell pro-
liferation or increased cellular apoptosis; (b) abrogated migration of
peripheral Tregs into the tumor site; (c) less induction of Treg cells from
naive T cell in tumor. Therefore, the proliferation and apoptotic status
of tumor-infiltrating Tregs were assessed, but no significant differences
were found (Fig. 3). An in vivo migration assay of Tregs by transfer of
CFSE-labelling lymphocytes revealed that the migration of Tregs to-
wards tumors was specifically limited by the administration of Traf6
inhibitor (Fig. 4A-C). In addition, in line with previous studies [27,41],
Treg differentiation from naive T cells was not altered in the presence of
Traf6 inhibitor (data not shown). Furthermore, the suppressive function
of Treg cells was also tested through an in vitro suppression assay and no
obvious differences were shown (data not shown). To testify the pre-
dominant role of Tregs in Traf6-mediated antitumor effect, a depletion
experiment using antibody against CD25 was carried out and results
showed that depletion of Tregs virtually abolished antitumor activity of
Traf6 inhibitor (Fig. 4G).

Treg cells have been found to regulate immune responses through
migration and accumulation at sites where modulation is required [30].
Previous data demonstrated that the migratory capacity of Treg cells
was controlled by distinct signals from chemokines/chemokine re-
ceptors and integrins/integrin ligands [42,43]. Recent data have shown
that ovarian tumor-secreting CCL22 directed Tregs migration towards
tumor site through the interaction with CCR4 expressed on Treg cells,
which is potently suppressive and able to block tumor-specific im-
munity, boosts tumor growth, and predicts poor survival of patients
[33]. In our study, several chemokines relative to Tregs migration and
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respective receptors were measured. While CD103 and CCR4 expressed
on intratumor Tregs were comparable to counterparts (Fig. 4D, E), the
CCL22 secreting in the tumors treated with Traf6 inhibitor was much
lower than the peptide control group (Fig. 4F). Although the source of
CCL22 appears to be cancer cells and tumor-associated macrophages
[33-35], in-depth studies are needed to shed light on the molecular
mechanisms underlying Traf6 inhibitor-mediated downregulation of
CCL22 within tumor.

In the past two decades, great advances from basic science led to
novel strategies for the treatment of cancers and the field of immune
checkpoint therapy has appeared to be a pillar of cancer therapy [6,8].
While gratifying success of immune checkpoint therapy has been
achieved in various human tumors [5-8], combinations of different
immune checkpoint blockades or immune checkpoint blockade plus
other therapies are rather a better strategy [1,8,9]. We also assessed the
antitumor efficiency of the combination of Traf6 inhibitor and anti-PD1
antibody. Surprisingly, the combination treatment achieved a much
better outcome, slowing the tumor growth and prolonging the survival
of tumor-bearing mice to a greater extent in comparison with the single
use of anti-PD1 blockade (Fig. 5). Given the promising results outlined
above, future studies in the clinic will be needed to assess the true
therapeutic potential of Traf6 inhibitor.

Acknowledgements

This work was supported by grants from the National Natural
Science Foundation of China (81571564, 91442117, 81521004,
81522020, 81270553, 81300363, 81772569, and 81572370), the 863
Young Scientists Special Fund (SS2015AA020932), and the Liver
Transplantation and Transplant Immunology, Chinese Academy of
Medical Science (RU2019031).

Author contributions

XW, RX and LL designed the experiments; XW, RX HP, XG, XL, WY
and YT performed experiments; XW, RX and XN analyzed data; HS,
XMW and XHW gave suggestions and critical discussion; XW wrote the
paper. XW, RX and HP revised the manuscript.

Declaration of Competing Interest

The authors have no competing interest to declare regarding this
manuscript.

References

[1] M. Ringelhan, D. Pfister, T. O'Connor, E. Pikarsky, M. Heikenwalder, The im-
munology of hepatocellular carcinoma, Nat. Immunol. 19 (3) (2018) 222-232.

[2] R.L. Siegel, K.D. Miller, A. Jemal, Cancer statistics, 2018, CA Cancer J. Clin. 68 (1)
(2018) 7-30.

[3] S.L. Zhou, Z.J. Zhou, Z.Q. Hu, X.W. Huang, Z. Wang, E.B. Chen, J. Fan, Y. Cao,

Z. Dai, J. Zhou, Tumor-associated neutrophils recruit macrophages and T-reg-
ulatory cells to promote progression of hepatocellular carcinoma and resistance to
sorafenib, Gastroenterology 150 (7) (2016) 1646-1658 el7.

[4] T.F. Greten, X.W. Wang, F. Korangy, Current concepts of immune based treatments
for patients with HCC: from basic science to novel treatment approaches, Gut 64 (5)
(2015) 842-848.

[5] A.B. El-Khoueiry, B. Sangro, T. Yau, T.S. Crocenzi, M. Kudo, C. Hsu, T.-Y. Kim, S.-
P. Choo, J. Trojan, T.H. Welling, T. Meyer, Y.-K. Kang, W. Yeo, A. Chopra,

J. Anderson, C. dela Cruz, L. Lang, J. Neely, H. Tang, H.B. Dastani, I. Melero,
Nivolumab in patients with advanced hepatocellular carcinoma (CheckMate 040):
an open-label, non-comparative, phase 1/2 dose escalation and expansion trial,
Lancet 389 (10088) (2017) 2492-2502.

[6] S. Bi, Y. Wang, J. Guan, X. Sheng, J. Meng, Three new Jurassic euharamiyidan
species reinforce early divergence of mammals, Nature 514 (7524) (2014) 579-584.

[7] S.L. Topalian, F.S. Hodi, J.R. Brahmer, S.N. Gettinger, D.C. Smith, D.F. McDermott,
J.D. Powderly, R.D. Carvajal, J.A. Sosman, M.B. Atkins, P.D. Leming, D.R. Spigel,
S.J. Antonia, L. Horn, C.G. Drake, D.M. Pardoll, L. Chen, W.H. Sharfman,

R.A. Anders, J.M. Taube, T.L. McMiller, H. Xu, A.J. Korman, M. Jure-Kunkel,
S. Agrawal, D. McDonald, G.D. Kollia, A. Gupta, J.M. Wigginton, M. Sznol, Safety,
activity, and immune correlates of anti-PD-1 antibody in cancer, N. Engl. J. Med.


http://refhub.elsevier.com/S1567-5769(19)31809-0/h0005
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0005
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0010
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0010
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0015
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0015
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0015
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0015
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0020
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0020
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0020
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0025
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0025
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0025
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0025
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0025
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0025
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0030
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0030
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0035
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0035
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0035
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0035
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0035
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0035

X. Wu, et al.

[81
[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

366 (26) (2012) 2443-2454.

P. Sharma, J.P. Allison, The future of immune checkpoint therapy, Science (New
York, N.Y.) 348 (6230) (2015) 56-61.

M.A. Curran, W. Montalvo, H. Yagita, J.P. Allison, PD-1 and CTLA-4 combination
blockade expands infiltrating T cells and reduces regulatory T and myeloid cells
within B16 melanoma tumors, Proc. Natl. Acad. Sci. USA 107 (9) (2010)
4275-4280.

S. Sakaguchi, T. Yamaguchi, T. Nomura, M. Ono, Regulatory T cells and immune
tolerance, Cell 133 (5) (2008) 775-787.

A. Tanaka, S. Sakaguchi, Regulatory T cells in cancer immunotherapy, Cell Res. 27
(1) (2017) 109-118.

L.A. Ormandy, T. Hillemann, H. Wedemeyer, M.P. Manns, T.F. Greten, F. Korangy,
Increased populations of regulatory T cells in peripheral blood of patients with
hepatocellular carcinoma, Cancer Res. 65 (6) (2005) 2457-2464.

E.A. Marshall, K.W. Ng, S.H. Kung, E.M. Conway, V.D. Martinez, E.C. Halvorsen,
D.A. Rowbotham, E.A. Vucic, A.W. Plumb, D.D. Becker-Santos, K.S. Enfield,

J.Y. Kennett, K.L. Bennewith, W.W. Lockwood, S. Lam, J.C. English, N. Abraham,
W.L. Lam, Emerging roles of T helper 17 and regulatory T cells in lung cancer
progression and metastasis, Mol. Cancer 15 (1) (2016) 67.

R. Mandal, Y. Senbabaoglu, A. Desrichard, J.J. Havel, M.G. Dalin, N. Riaz, K.W. Lee,
L. Ganly, A.A. Hakimi, T.A. Chan, L.G. Morris, The head and neck cancer immune
landscape and its immunotherapeutic implications, JCI Insight 1 (17) (2016)
e89829.

U.K. Liyanage, T.T. Moore, H.G. Joo, Y. Tanaka, V. Herrmann, G. Doherty,

J.A. Drebin, S.M. Strasberg, T.J. Eberlein, P.S. Goedegebuure, D.C. Linehan,
Prevalence of regulatory T cells is increased in peripheral blood and tumor mi-
croenvironment of patients with pancreas or breast adenocarcinoma, J. Immunol.
169 (5) (2002) 2756-2761.

T.J. Curiel, G. Coukos, L. Zou, X. Alvarez, P. Cheng, P. Mottram, M. Evdemon-
Hogan, J.R. Conejo-Garcia, L. Zhang, M. Burow, Y. Zhu, S. Wei, 1. Kryczek,

B. Daniel, A. Gordon, L. Myers, A. Lackner, M.L. Disis, K.L. Knutson, L. Chen,

W. Zou, Specific recruitment of regulatory T cells in ovarian carcinoma fosters
immune privilege and predicts reduced survival, Nat. Med. 10 (9) (2004) 942-949.
E. Sato, S.H. Olson, J. Ahn, B. Bundy, H. Nishikawa, F. Qian, A.A. Jungbluth,

D. Frosina, S. Gnjatic, C. Ambrosone, J. Kepner, T. Odunsi, G. Ritter, S. Lele,

Y.T. Chen, H. Ohtani, L.J. Old, K. Odunsi, Intraepithelial CD8+ tumor-infiltrating
lymphocytes and a high CD8 + /regulatory T cell ratio are associated with favorable
prognosis in ovarian cancer, Proc. Natl. Acad. Sci. USA 102 (51) (2005)
18538-18543.

B. Shang, Y. Liu, S.J. Jiang, Y. Liu, Prognostic value of tumor-infiltrating FoxP3 +
regulatory T cells in cancers: a systematic review and meta-analysis, Sci. Rep. 5
(2015) 15179.

J.R. Bradley, J.S. Pober, Tumor necrosis factor receptor-associated factors (TRAFs),
Oncogene 20 (44) (2001) 6482-6491.

H. Konno, T. Yamamoto, K. Yamazaki, J. Gohda, T. Akiyama, K. Semba, H. Goto,
A. Kato, T. Yujiri, T. Imai, Y. Kawaguchi, B. Su, O. Takeuchi, S. Akira,

Y. Tsunetsugu-Yokota, J. Inoue, TRAF6 establishes innate immune responses by
activating NF-kappaB and IRF7 upon sensing cytosolic viral RNA and DNA, PLoS
ONE 4 (5) (2009) e5674.

R. Beroukhim, C.H. Mermel, D. Porter, G. Wei, S. Raychaudhuri, J. Donovan,

J. Barretina, J.S. Boehm, J. Dobson, M. Urashima, K.T. Mc Henry, R.M. Pinchback,
A.H. Ligon, Y.J. Cho, L. Haery, H. Greulich, M. Reich, W. Winckler, M.S. Lawrence,
B.A. Weir, K.E. Tanaka, D.Y. Chiang, A.J. Bass, A. Loo, C. Hoffman, J. Prensner,
T. Liefeld, Q. Gao, D. Yecies, S. Signoretti, E. Maher, F.J. Kaye, H. Sasaki,

J.E. Tepper, J.A. Fletcher, J. Tabernero, J. Baselga, M.S. Tsao, F. Demichelis,
M.A. Rubin, P.A. Janne, M.J. Daly, C. Nucera, R.L. Levine, B.L. Ebert, S. Gabriel,
AK. Rustgi, C.R. Antonescu, M. Ladanyi, A. Letai, L.A. Garraway, M. Loda,

D.G. Beer, L.D. True, A. Okamoto, S.L. Pomeroy, S. Singer, T.R. Golub, E.S. Lander,
G. Getz, W.R. Sellers, M. Meyerson, The landscape of somatic copy-number al-
teration across human cancers, Nature 463 (7283) (2010) 899-905.

Z. Luo, X. Zhang, W. Zeng, J. Su, K. Yang, L. Lu, C.B. Lim, W. Tang, L. Wu, S. Zhao,
X. Jia, C. Peng, X. Chen, TRAF6 regulates melanoma invasion and metastasis
through ubiquitination of Basigin, Oncotarget 7 (6) (2016) 7179-7192.

L. Chen, Y.C. Li, L. Wu, G.T. Yu, W.F. Zhang, C.F. Huang, Z.J. Sun, TRAF6 regulates
tumour metastasis through EMT and CSC phenotypes in head and neck squamous
cell carcinoma, J. Cell Mol. Med. 22 (2) (2018) 1337-1349.

H. Sun, X.B. Li, Y. Meng, L. Fan, M. Li, J. Fang, TRAF6 upregulates expression of
HIF-1alpha and promotes tumor angiogenesis, Cancer Res. 73 (15) (2013)
4950-4959.

J.J. Li, J. Luo, J.N. Lu, X.N. Liang, Y.H. Luo, Y.R. Liu, J. Yang, H. Ding, G.H. Qin,
L.H. Yang, Y.W. Dang, H. Yang, G. Chen, Relationship between TRAF6 and

10

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

International Immunopharmacology 77 (2019) 105965

deterioration of HCC: an immunohistochemical and in vitro study, Cancer Cell Int.
16 (2016) 76.

M.C. Walsh, J. Lee, Y. Choi, Tumor necrosis factor receptor- associated factor 6
(TRAF6) regulation of development, function, and homeostasis of the immune
system, Immunol. Rev. 266 (1) (2015) 72-92.

X. Ni, W. Kou, J. Gu, P. Wei, X. Wu, H. Peng, J. Tao, W. Yan, X. Yang, A. Lebid,
B.V. Park, Z. Chen, Y. Tian, J. Fu, S. Newman, X. Wang, H. Shen, B. Li, B.R. Blazar,
X. Wang, J. Barbi, F. Pan, L. Lu, TRAF6 directs FOXP3 localization and facilitates
regulatory T-cell function through K63-linked ubiquitination, EMBO J. 38 (9)
(2019).

S. Pushalkar, M. Hundeyin, D. Daley, C.P. Zambirinis, E. Kurz, A. Mishra, N. Mohan,
B. Aykut, M. Usyk, L.E. Torres, G. Werba, K. Zhang, Y. Guo, Q. Li, N. Akkad, S. Lall,
B. Wadowski, J. Gutierrez, J.A. Kochen Rossi, J.W. Herzog, B. Diskin, A. Torres-
Hernandez, J. Leinwand, W. Wang, P.S. Taunk, S. Savadkar, M. Janal, A. Saxena,
X. Li, D. Cohen, R.B. Sartor, D. Saxena, G. Miller, The pancreatic cancer microbiome
promotes oncogenesis by induction of innate and adaptive immune suppression,
Cancer Discov. 8 (4) (2018) 403-416.

H. Ye, J.R. Arron, B. Lamothe, M. Cirilli, T. Kobayashi, N.K. Shevde, D. Segal,
O.K. Dzivenu, M. Vologodskaia, M. Yim, K. Du, S. Singh, J.W. Pike, B.G. Darnay,
Y. Choi, H. Wu, Distinct molecular mechanism for initiating TRAF6 signalling,
Nature 418 (6896) (2002) 443-447.

S. Wei, I. Kryczek, W. Zou, Regulatory T-cell compartmentalization and trafficking,
Blood 108 (2) (2006) 426-431.

P.B. Olkhanud, D. Baatar, M. Bodogai, F. Hakim, R. Gress, R.L. Anderson, J. Deng,
M. Xu, S. Briest, A. Biragyn, Breast cancer lung metastasis requires expression of
chemokine receptor CCR4 and regulatory T cells, Cancer Res. 69 (14) (2009)
5996-6004.

D. Anz, W. Mueller, M. Golic, W.G. Kunz, M. Rapp, V.H. Koelzer, J. Ellermeier,
J.W. Ellwart, M. Schnurr, C. Bourquin, S. Endres, CD103 is a hallmark of tumor-
infiltrating regulatory T cells, Int. J. Cancer 129 (10) (2011) 2417-2426.

D. Anz, M. Rapp, S. Eiber, V.H. Koelzer, R. Thaler, S. Haubner, M. Knott, S. Nagel,
M. Golic, G.M. Wiedemann, F. Bauernfeind, C. Wurzenberger, V. Hornung,

C. Scholz, D. Mayr, S. Rothenfusser, S. Endres, C. Bourquin, Suppression of in-
tratumoral CCL22 by type i interferon inhibits migration of regulatory T cells and
blocks cancer progression, Cancer Res. 75 (21) (2015) 4483-4493.

J. Klarquist, K. Tobin, P. Farhangi Oskuei, S.W. Henning, M.F. Fernandez,

E.R. Dellacecca, F.C. Navarro, J.M. Eby, S. Chatterjee, S. Mehrotra, J.I. Clark, I.C. Le
Poole, Ccl22 diverts T regulatory cells and controls the growth of melanoma, Cancer
Res. 76 (21) (2016) 6230-6240.

P. Yang, Q.J. Li, Y. Feng, Y. Zhang, G.J. Markowitz, S. Ning, Y. Deng, J. Zhao,

S. Jiang, Y. Yuan, H.Y. Wang, S.Q. Cheng, D. Xie, X.F. Wang, TGF-beta-miR-34a-
CCL22 signaling-induced Treg cell recruitment promotes venous metastases of HBV-
positive hepatocellular carcinoma, Cancer Cell 22 (3) (2012) 291-303.

J. Shimizu, S. Yamazaki, S. Sakaguchi, Induction of tumor immunity by removing
CD25+CD4+ T cells: a common basis between tumor immunity and auto-
immunity, J. Immunol. 163 (10) (1999) 5211-5218.

H. Wu, T.Y. Yang, Y. Li, W.L. Ye, F. Liu, X.S. He, J.R. Wang, W.J. Gan, X.M. Li,

S. Zhang, Y.Y. Zhao, J.M. Li, TRAF6 promotes hepatocarcinogenesis by interacting
with HDAC3 to enhance c-Myc gene expression and protein stability, Hepatology
(2019), https://doi.org/10.1002/hep.30801.

E. Chiffoleau, T. Kobayashi, M.C. Walsh, C.G. King, P.T. Walsh, W.W. Hancock,
Y. Choi, L.A. Turka, TNF receptor-associated factor 6 deficiency during hemopoiesis
induces Th2-polarized inflammatory disease, J. Immunol. 171 (11) (2003)
5751-5759.

P.J. Cejas, M.C. Walsh, E.L. Pearce, D. Han, G.M. Harms, D. Artis, L.A. Turka,

Y. Choi, TRAF6 inhibits Th17 differentiation and TGF-beta-mediated suppression of
1L-2, Blood 115 (23) (2010) 4750-4757.

G. Muto, H. Kotani, T. Kondo, R. Morita, S. Tsuruta, T. Kobayashi, H. Luche,

H.J. Fehling, M. Walsh, Y. Choi, A. Yoshimura, TRAF6 is essential for maintenance
of regulatory T cells that suppress Th2 type autoimmunity, PLoS ONE 8 (9) (2013)
€74639.

Y. Shimo, H. Yanai, D. Ohshima, J. Qin, H. Motegi, Y. Maruyama, S. Hori, J. Inoue,
T. Akiyama, TRAF6 directs commitment to regulatory T cells in thymocytes, Genes
Cells 16 (4) (2011) 437-447.

I. Lee, L. Wang, A.D. Wells, M.E. Dorf, E. Ozkaynak, W.W. Hancock, Recruitment of
Foxp3+ T regulatory cells mediating allograft tolerance depends on the CCR4
chemokine receptor, J. Exp. Med. 201 (7) (2005) 1037-1044.

S.K. Bromley, S.Y. Thomas, A.D. Luster, Chemokine receptor CCR7 guides T cell exit
from peripheral tissues and entry into afferent lymphatics, Nat. Immunol. 6 (9)
(2005) 895-901.


http://refhub.elsevier.com/S1567-5769(19)31809-0/h0035
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0040
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0040
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0045
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0045
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0045
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0045
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0050
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0050
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0055
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0055
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0060
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0060
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0060
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0065
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0065
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0065
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0065
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0065
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0070
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0070
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0070
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0070
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0075
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0075
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0075
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0075
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0075
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0080
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0080
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0080
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0080
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0080
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0085
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0085
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0085
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0085
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0085
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0085
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0090
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0090
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0090
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0095
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0095
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0100
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0100
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0100
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0100
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0100
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0105
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0105
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0105
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0105
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0105
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0105
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0105
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0105
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0105
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0105
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0105
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0110
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0110
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0110
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0115
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0115
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0115
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0120
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0120
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0120
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0125
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0125
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0125
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0125
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0130
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0130
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0130
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0135
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0135
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0135
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0135
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0135
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0140
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0140
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0140
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0140
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0140
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0140
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0140
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0145
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0145
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0145
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0145
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0150
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0150
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0155
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0155
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0155
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0155
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0160
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0160
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0160
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0165
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0165
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0165
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0165
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0165
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0170
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0170
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0170
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0170
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0175
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0175
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0175
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0175
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0180
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0180
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0180
https://doi.org/10.1002/hep.30801
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0190
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0190
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0190
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0190
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0195
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0195
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0195
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0200
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0200
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0200
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0200
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0205
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0205
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0205
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0210
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0210
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0210
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0215
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0215
http://refhub.elsevier.com/S1567-5769(19)31809-0/h0215

	Traf6 inhibitor boosts antitumor immunity by impeding regulatory T cell migration in Hepa1-6 tumor model
	Introduction
	Materials and methods
	Mice and tumor cell line
	Tumor growth experiments and cell depletion
	Isolation of tumor-infiltrating lymphocytes
	In vivo migration assay of Treg cells
	Flow cytometry and antibodies
	Western blot analysis
	TUNEL assay
	RT-qPCR analysis
	CCK8 assay
	Statistical analysis

	Results
	Traf6 inhibitor-mediated antitumor effect is immunity dependent
	Traf6 inhibitor promotes T cell immunity and reduces tumor infiltration of Treg cells
	Traf6 inhibitor shows no impact on the proliferation and apoptosis of intratumor Tregs
	Traf6 inhibitor abrogates the migration of regulatory T cells into tumor
	Traf6 inhibitor cooperates with PD-1 blockade to promote tumor rejection

	Discussion
	Acknowledgements
	mk:H1_22
	Author contributions
	mk:H1_24
	mk:H1_25
	References




