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Forkhead box P3 (FOXP3)-positive Treg cells are crucial for main-
taining immune homeostasis. FOXP3 cooperates with its binding
partners to elicit Treg cells’ signature and function, but the molec-
ular mechanisms underlying the modulation of the FOXP3 complex
remain unclear. Here we report that Deleted in breast cancer 1
(DBC1) is a key subunit of the FOXP3 complex. We found that
DBC1 interacts physically with FOXP3, and depletion of DBC1 at-
tenuates FOXP3 degradation in inflammatory conditions. Treg cells
from Dbc1-deficient mice were more resistant to inflammation-
mediated abrogation of Foxp3 expression and function and delayed
the onset and severity of experimental autoimmune encephalomy-
elitis and colitis in mice. These findings establish a previously
unidentified mechanism regulating FOXP3 stability during in-
flammation and reveal a pathway for potential therapeutic mod-
ulation and intervention in inflammatory diseases.
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he CD4*CD25"FOXP3" Treg cells are actively engaged in

the prevention of autoimmunity and the mitigation of aber-
rant or excessive immune responses (1-3). The transcription
factor Forkhead box P3 (denoted “FOXP3” in humans, and
“Foxp3” in mice) is a well-characterized marker of Treg cells,
and its expression typically is considered a requisite for Treg-
cell differentiation and function (4, 5). FOXP3 deficiency leads
to the scurfy phenotype in mice and to the immune dysregu-
lation, polyendocrinopathy, and enteropathy, X-linked syndrome
in humans (6). Moreover, Treg-cell function is impaired in sev-
eral autoimmune and inflammatory diseases, including colitis,
rheumatoid arthritis, multiple sclerosis, and systemic lupus
erythematosus (7). Thus, the manipulation of Treg-cell function
might provide a practical approach to the treatment of autoim-
mune and inflammatory diseases.

Despite the central role of FOXP3 in Treg cells, many questions
remain regarding the molecular mechanisms by which FOXP3
regulates Treg-cell function. Foxp3 protein is expressed transiently
in CD47CD25" effector T cells upon T-cell receptor (TCR) stim-
ulation but does not generate T cells with suppressive activity (8, 9).
It has become evident that Foxp3 alone is insufficient to reproduce
completely the differentiation and functional characteristics of
Treg cells (10-12). FOXP3 binds with its partners to form mul-
tiple positive and negative feedback loops to regulate Treg-cell
function subtly (13). FOXP3 interacts with FOXP1 to form heter-
odimers that promote FOXP3-mediated repression of IL-2 pro-
duction (14). FOXP3 also binds with several nuclear factors, such
as GATA3 (11, 15), RORyt (16), Eos (17), and RUNX1 (18), to
drive the Treg cells’ genetic program. FOXP3 function also is
regulated at the posttranslational level. FOXP3 has been shown
to interact with the acetyltransferase Tat-interaction protein
60 kDa (TIP60) to promote FOXP3 acetylation, which is required
for Treg cells’ suppressive function (19). P300 also regulates
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FOXP3 acetylation and stability by preventing proteasome-medi-
ated FOXP3 degradation (20). Moreover, the class III deacetylase
SIRT1 decreases Foxp3 acetylation and down-regulates Foxp3
protein expression (21). A recent study used an unbiased pro-
teomic approach to analyze the composition of Foxp3 complexes
comprehensively and identified ~360 partners of Foxp3 (11);
therefore, many questions remain regarding the differential mod-
ulation of this complex and its effect on Treg-cell differentiation
and function.

Inflammation is beneficial for pathogen clearance and pro-
tection against infection; therefore restricting the activity of
FOXP3" Treg cells may be necessary to allow effective immune
responses to occur during inflammation (2, 22-26). However,
the molecular basis by which FOXP3 protein stability and Treg-
cell function are regulated during inflammation remains unclear.
Previous studies have shown that FOXP3" Treg cells are prone
to shift toward a Th17-like effector phenotype in the presence of
TGF-p and IL-6 (27). The inflammatory cytokine TNF-a also has
been shown to down-regulate FOXP3 expression and Treg cells’
suppressive function (28); nonetheless, a recent study has shown
that TNF-a down-modulates Treg-cell function by reducing
FOXP3 phosphorylation but has no effect on FOXP3 protein
expression (29). Other studies have shown that populations of
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Treg cells highly expressing CD25 are stable and do not lose Foxp3
upon their adoptive transfer into lymphopenic hosts (30). Despite
these findings, the molecular mechanism by which FOXP3 mediates
regulation of Treg-cell function, especially under inflammation, is
still poorly understood. We thus aimed at purifying the human
FOXP3 complex to identify previously unidentified interaction
partners that may play a role in FOXP3 stability and function.

In this study, we show that Deleted in breast cancer 1 (DBC1,
also called “p30 DBC” and cell cycle and apoptosis regulator 2,
CCAR?2) is a previously unidentified component of the FOXP3
complex. We found that DBC1 interacts physically with FOXP3,
and DBCI1 depletion maintains FOXP3 expression and Treg cells’
suppressive function during inflammatory insult. Moreover, DBC1-
deficient mice showed alleviated clinical symptoms in both exper-
imental autoimmune encephalomyelitis (EAE) and colitis models
and had reduced production of IL-17a. Dbcl-deficient mice dis-
played increased Foxp3* cell frequency, numbers, and superior
suppressive activity. Inhibition of caspase 8 activity rescued FOXP3
expression during TNF-a treatment, indicating that DBC1 nega-
tively regulates FOXP3 and Treg-cell function, probably through
the caspase 8-mediated pathway. Therapeutic targeting of this
DBCI pathway in Treg cells thus may provide a novel approach for
treating autoimmune and inflammatory diseases, especially during
acute inflammation.

Results

Identification of DBC1 as a Previously Unidentified Subunit of the
FOXP3 Complex. To purify previously unidentified FOXP3-inter-
acting partners, a tandem affinity purification (TAP) tag, con-

sisting of 2x Protein A and calmodulin-binding protein (CBP)
linked by a tobacco etch virus (TEV) cleavage site was fused
to the N terminus of FOXP3 (Fig. S14), followed by lentiviral
transduction into the human Jurkat T-cell line. We detected
FOXP3 expression and its nuclear localization by Western blotting
and immunofluorescence, respectively (Fig. S1 B and C). The re-
sults showed that TAP-tagged FOXP3 localized in the nucleus, as
did endogenous FOXP3 in natural regulatory (nTreg) T cells (the
GFP signal indicated that Jurkat cells had been transduced with the
indicated gene). The FOXP3 complex was purified by TAP fol-
lowed by mass spectrometry analysis; FOXP3 was the most abun-
dant peptide (Fig. 1 A and B). FOXP1, a known binding partner of
FOXP3 (14), also was detected using this protocol. Interestingly,
we identified DBC1 as a major human FOXP3 complex-associated
protein (Fig. 1 4 and B).

We confirmed the interaction between FOXP3 and DBC1 by
reciprocal coimmunoprecipitation of overexpressed FLAG-tagged
FOXP3 and Myc-tagged DBC1 in HEK293T cells (Fig. 1 C and
D). Consistent with the TAP result, we found that ectopically
expressed DBC1 and FOXP3 could interact with each other.
Furthermore, the interaction between HA-tagged FOXP3 and
endogenous DBCI1 was readily detected in Jurkat cells (Fig. 1E).
To define the interaction domain between DBC1 and FOXP3,
we generated truncated mutants of FOXP3 (Fig. S24); an extra
tag containing the 3x nuclear localization site (NLS) of SV40
large T antigen was added to the N terminus of the FOXP3
mutants that lacked the Forkhead domain to ensure their lo-
calization in the nucleus. The interaction between FOXP3 and
DBC1 was abolished in the FOXP3 mutants (FOXP3-N2, -N3,

A s B C D
42
RO
Flag-FOXP3 . + + Flag-FOXP3 . + +
Myc-DBC1  + - + Myc-DBC1  + - +
<DBC1 Protein  No.of Coverage Accession - I:I IB: Flag - El 1B:Myc
tid % b *Myc : Fla
—FOXP4 peptides (%) number |:| — 9 i
_Hspag FOXP3 74 7355%  QOBZS1 : : Flag
. HSPA8 50 44.27% P11142 E 1B:Fi E
STabdlin ppe1 15 2059%  QBN163 Friag IB:Myc
FOXP4 14 28.68%  QBIVH2 Kipait E IB:Myc Input E IB: Flag
FOXP1 8 14.92% Q9H334
p—
IE’ IB:B-actin IB:B-actin
Input  MBP pull down
MBP + - o+ -
MBP-FOXP3 - + - +# "
_ B: pBCq His-DBC1-C5 + o
IP X
o: 81 —roxes (S ] eioser
npu] (S ] 1 Ha 18: MBP S| : Foxes
E IB:B-actin <~ MBP
Fig. 1. FOXP3 interacts with DBC1. (A) The products from tandem affinity purification of Jurkat T cells stably expressing TAP or TAP-tagged FOXP3 were

separated by SDS/PAGE and visualized by silver staining. (B) Identification of the proteins present in the FOXP3 complex by mass spectrometry. (C and D)
Reciprocal immunoprecipitation of DBC1 and FOXP3. Flag-tagged FOXP3 and Myc-tagged DBC1 were cotransfected into HEK293T cells. Inmunoprecipitation
was performed with anti-Myc or anti-Flag antibodies plus Protein A/G beads. Protein blots were probed with antibodies as indicated. () Endogenous DBC1
interacts with FOXP3 in Jurkat cells stably expressing HA-tagged FOXP3. Interaction between overexpressed HA-tagged FOXP3 and endogenous DBC1 was
performed by coimmunoprecipitation. Protein blots were probed with antibodies as indicated. (F) Direct interaction of His-DBC1-C5 and MBP-FOXP3 in an in
vitro MBP pull-down assay detected by Western blotting: (G) Endogenous DBC1 and FOXP3 interact in primary human Treg cells. Immunoprecipitation was
performed with anti-FOXP3 antibody or IgG plus Protein A/G beads. Protein blots were probed with antibodies as indicated.
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and -N4) that lacked the linker region between the Leucine-
Zipper and Forkhead domains (Fig. S2B). Similarly, we gener-
ated deletion mutants of DBCI that maintained their own intact
N-terminal NLS (Fig. S2C). We found that the deletion of the
N-terminal 200 residues of DBC1 abolished the interaction be-
tween DBC1 and FOXP3 and that the C5 mutant that retained
the 200 N-terminal residues of DBCI1 was able to interact with
FOXP3 (Fig. S2D). To test if DBCI interacts directly with FOXP3,
we performed the pull-down assay using purified maltose-binding
protein (MBP)-tagged FOXP3 and His-tagged DBC1-C5 from
Escherichia coli. Our results showed that FOXP3 could precipitate
the DBC1-C5 mutant efficiently in vitro (Fig. 1F). Moreover, we
sorted primary human Treg cells (CD4"CD25"CD127') from
human peripheral blood mononuclear cells (PBMCs) and observed
by immunofluorescence that DBC1 colocalized with FOXP3 in
the nucleus of primary human Treg cells (Fig. S3). Indeed, an anti-
FOXP3 antibody coprecipitated endogenous FOXP3 with DBC1
from Treg cells expanded in vitro (Fig. 1G). Taken together, these
results demonstrated that FOXP3 and DBCI interact physically
through the linker region of FOXP3 and the 200 N-terminal resi-
dues of DBCI. Previous studies have shown that DBC1 is a major
inhibitor of SIRT1 in vitro (21) and in vivo (31), and DBC1 may
play an important role in TNF-o—mediated apoptosis (32). How-
ever, it is unclear how DBCI1 functions in Treg cells.

Analysis of Foxp3 Expression and Function in Dbc1-Deficient Treg
Cells. To characterize the role of Dbcl in Treg-cell differentia-
tion and homeostasis, we analyzed Foxp3 expression in WT and
Dbcl-deficient mice. The spleens, peripheral lymph nodes, and
mesenteric lymph nodes from Dbcl ™~ mice were smaller than
those from Dbcl**mice (Fig. S44). The frequencies of CD4*
CD25*Foxp3™ T cells in the thymi, lymph nodes, spleens, and
blood also were examined by flow cytometry. We found that
CD4*CD25"Foxp3™ T-cell percentages were increased signifi-
cantly in the lymph nodes and spleens of DbcI ™~ mice compared
with littermate WT controls, although the frequencies of these
cells were similar in the thymi and peripheral blood of the two
groups (Fig. S4 B and C). This result is not surprising, given that
the total numbers of CD4*"Foxp3™ Treg cells were increased
significantly in the lymph nodes and spleens of Dbcl ~/~ mice as
compared with WT mice (Fig. S4D).

DBCI1 undergoes caspase-dependent processing during TNF-
a-induced cell death, during which the C-terminal region of
DBCI translocates to the mitochondria to augment apoptosis
(32). The expression of the inflammatory cytokines TNF-a and
IL-6 was reduced in Dbcl-deficient mice fed a high-fat diet (31),
suggesting that DBC1 is involved in inflammation. Although the
proinflammatory cytokines TNF-a and IL-6 have been shown to
regulate Treg-mediated suppression negatively, the molecular
mechanism underlying this observation remains unclear (33).
Therefore, we investigated whether Dbcl functions in control-
ling Foxp3 levels under stimulatory conditions. Indeed, we
found that DbcI** Treg cells lost their Foxp3 expression dra-
matically after TNF-a treatment, but Dbcl™~ Treg cells main-
tained more stable Foxp3 expression (Fig. 2.4 and B). Moreover,
we tested whether Dbcl could regulate Foxp3 stability in the
presence of other proinflammatory cytokines. We found that
Dbcl™'~ Treg cells had more stable Foxp3 expression (Fig. 2.4
and B) and produced less IL-17a during treatment with IL-6 or
with IL-6 plus TGF-p (Fig. 2C). Taken together, these results
suggest that Dbcl may induce Foxp3 protein instability in Treg
cells upon inflammatory insult.

Next, we tested whether Dbcl deficiency affects the suppres-
sive function of Treg cells. Under normal conditions, CD4+*CD25*
Treg cells from DbcI ™/~ mice were more suppressive than those
from Dbcl**mice (Fig. 2D); however, the suppressive function
of TNF-a~treated CD4*CD25" Treg cells from Dbcl ™'~ mice
was significantly superior to that of Treg cells from Dbcl™™*
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mice (Fig. 2E). Similarly, DbcI™'~ Treg cells showed greater
suppressive capacity than DbcI*/* Treg cells when the sup-
pression assays were supplemented with IL-6 and TGF-f (Fig. 2F).
Collectively, Dbcl depletion not only stabilizes Foxp3 but also
enhances the suppressive function of Treg cells, most noticeably
during inflammatory stimuli.

DBC1 Deficiency Leads to the Functional Stability of Treg Cells During
the Development of EAE and Colitis. To determine the physiological
relevance of DBC1 in Foxp3 stability during the course of an
immune response in vivo, we also tested the effect of Dbcl de-
pletion in Foxp3-GFP mice induced with EAE. We found that
DbcI™* mice developed typical EAE, but in Dbcl™~ mice the
onset of EAE was significantly delayed, and its severity was
significantly reduced (Fig. 3 A and B). Consistent with reduced
EAE severity, CD4" cells from DbcI ™~ mice produced less IL-
17a than CD4" cells from Dbcl**mice (Fig. 3C). Histological
analysis of the spinal cords also indicated that the infiltration of
immune cells was restricted in DbcI ™~ mice (Fig. 3D).

To investigate whether the mitigation of EAE symptoms in
Dbcl™~ mice was caused by the enhanced suppressive function
of Treg cells, an anti-CD25 antibody isolated from the clone
PCo61 was used to deplete Treg cells before EAE induction. The
loss of GFP indicated that Treg cells had been depleted in
Foxp3-GFP mice after PC61 treatment (Fig. 3G), and this loss
can last nearly 1 month. After Treg-cell depletion, DbcI*™* and
DbcI™~ mice developed EAE with similar severity (Fig. 3E) and
produced comparable amounts of IL-17a and IFN-y (Fig. 3 F
and G). This result does not simply reflect the increased fre-
quency of Treg cells in Dbcl-deficient mice, because Treg cells
transferred from Dbcl-deficient mice controlled EAE de-
velopment more effectively than similar doses of Treg cells from
WT mice (Fig. 3H) and produced less IL-17a (Fig. 3I). Taken
together, these results indicate that Dbcl deficiency attenuates
EAE progression by enhancing Treg cells’ stability and sup-
pressive function and thus could provide clinical benefit in
treating autoimmune diseases.

To delineate further the role of Dbcl specifically in Treg cells in
vivo, we carried out an adoptive transfer of WT CD4*CD45RB"
cells (colitogenic cells) into Rag2~'~ mice to induce colitis (33) with
or without the cotransfer of Treg cells from DbcI*/*or Dbcl ™'~
mice. Although the cotransfer of Treg cells from Dbcl**mice
was able to suppress colitis, we found that the Treg cells iso-
lated from Dbcl~/~mice had superior therapeutic effects (Fig.
4 A and B). Although the cotransfer of DbcI™* Treg cells
significantly suppressed the generation of IL-17a* T cells in
the colitis model, IL-17a™ T cells were almost undetectable
when Dbcl ™~ Treg cells were used (Fig. 4C). Similarly, Dbcl ™~
Treg cells provided more potent suppression of mucosal in-
flammation than DbcI*'* Treg cells (Fig. 4D). To characterize
further the specific role of Treg cells from DbcI™~ mice in the
colitis model, we transferred CD4*CD45RB" cells from Dbcl*™*
and DbcI™'~ mice into Rag2™'~ mice to induce colitis, using
PBS as control. Dbc1*'* and Dbcl™~ CD4*CD45RB™ cells had
similar capacity to induce colitis (Fig. 4 E and F) and produced
comparable amounts of IL-17a and IFN-y (Fig. 4 G and H).
Combined with the data from adoptive transfer experiments
produced in immunocompetent mice (Fig. 3H), these results
further indicate that DBCI1 deficiency specifically enhances the
suppressive activity of Treg cells under conditions of inflam-
mation in vivo.

Caspase 8-Mediated Degradation of FOXP3 by TNF-a. Next, we in-
vestigated how DBC1 functions in controlling FOXP3 levels
under stimulatory conditions. To test the role of TNF-a in FOXP3
protein stability rather than transcriptional regulation, we gen-
erated Jurkat cells stably expressing HA-tagged FOXP3 [Jurkat
(HA-FOXP3) cells] in which FOXP3 expression is driven by a
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Fig. 2.

Foxp3 from Dbc1~'~ mice is more stable than Foxp3 from WT mice, and Treg cells from Dbc1

~/~ mice are more suppressive than Treg cells from WT

mice, especially during inflammatory insult. (A) Treg cells isolated from thymi of C57BL/6 Foxp3-GFP mice were expanded for 4 d and were recultured in the
presence of APCs with soluble anti-CD3 (1 pg/mL), anti-CD28 (1 pg/mL), anti-IL-4 (5 pg/mL), and anti-IFN-y (5 pg/mL), with or without recombinant human
(rh)-TGF-B (5 ng/mL), recombinant mouse (rm)-IL-6 (10 ng/mL), or rm-TNF-« (50 ng/mL). After 3 d these cells were harvested and stained for intracellular expression of
Foxp3 and IL-17a. (B) The statistical percentages of Foxp3 expression among the different groups as indicated. (C) The statistical percentages of IL-17a expression
among the different groups as indicated. “None” indicates no rm-TNF-« or rm-IL-6 treatment. (D-F) Suppressive activity of Treg cells from Dbc1~/~
and Dbc1** mice. Treg cells from Dbc1~/~ and Dbc1*'* mice without treatment (“None™) (D), pretreated with 50 ng/mL rm-TNF-« (E), or treated with 10 ng/mL
rm-IL-6 and 5 ng/mL rh-TGF-B (F) were tested using an in vitro suppressive activity by indirectly measuring the proliferative rates of anti-CD3-activated
T-responder cells (B6) labeled with CFSE. Cells were harvested on day 3 and stained with PE-conjugated anti-CD8 antibody. Samples were analyzed by flow
cytometry and gated on the CD8* population. The x axis shows the ratio of Treg cells to responder T cells. All data are representative of three independent

experiments.

ubiquitin promoter. We treated Jurkat (HA-FOXP3) cells with
TNF-o with and without the knockdown of DBC1 using shRNA
(shDBC1) (Fig. S5 A and B) and found that both shRNAs
(shDBC1-1 and shDBC1-2) targeting DBC1 prevented FOXP3
degradation after TNF-a treatment (Fig. SSC). The cleavage of
poly(ADP-ribose) polymerase (PARP) indicated caspase ac-
tivation by TNF-a (34). To understand further the kinetics and
dynamic loss of FOXP3 protein after TNF-a treatment, we re-
moved TNF-a by washing cells with fresh culture medium 12 h
after TNF-a treatment, followed by collection at the indicated
time points to check FOXP3 expression for immunoblotting. We
found that TNF-a removal could rescue FOXP3 expression, in-
dicating that this process is reversible (Fig. S5D). We performed
similar experiments using human primary Treg cells, and results
were consistent (Fig. 5 B and C). As shown in Fig. 5B, FOXP3
expression decreased markedly following TCR stimulation in the
presence of IL-1p and IL-6 or TNF-o; however, when DBC1
expression was knocked down in human Treg cells, FOXP3 ex-
pression was largely sustained following TCR and TNF-a stim-
ulation. Collectively, our results suggest that FOXP3 becomes
unstable after TNF-a treatment in a DBC1-dependent manner;
the effect of TNF-a is reversible; and the regulation of FOXP3
expression is dynamic at the protein level.

To investigate the mechanisms underlying FOXP3 degrada-
tion by TNF-a, we treated cells with various inhibitors of dif-
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ferent components of the protein-degradation machinery and
then analyzed FOXP3 expression by immunoblotting. We found
that the pan-caspase inhibitor Z-VAD-FMK could rescue the
degradation of FOXP3, but the protein synthesis inhibitor cy-
cloheximide (CHX), the proteasome inhibitor MG132, and the
lysosomal enzyme inhibitor NH4Cl could not (Fig. S5E). We
then tested different caspase-specific inhibitors to pinpoint
further the specific caspase responsible for FOXP3 degrada-
tion. We found that only the caspase 8 inhibitor Z-IETD-FMK
significantly prevented the degradation of FOXP3 (Fig. 54 and
Fig. S5F). We further knocked down caspase 8 in human pri-
mary nTreg cells and observed that the reduction of caspase 8
in human nTreg cells significantly prevents FOXP3 degrada-
tion (Fig. 5 B and C). These data indicate that the degradation
of FOXP3 upon TNF-« treatment is mediated by the activation
of caspase 8.

Next, we tested the effects of Z-IETD-FMK (a caspase 8 in-
hibitor) on the expression of Foxp3 protein and on the suppres-
sive function of Treg cells subjected to inflammatory treatment
in mouse Treg cells. We found that Z-IETD-FMK alone did not
have any effect on Foxp3 protein expression in Treg cells in
steady—state cultures (Fig. 5D). However, although Treg cells
from DbcI** mice lost Foxp3 protein expression during TNF-
stimulation, Foxp3 levels were rescued upon treatment with
caspase 8 inhibitors at levels similar to those observed in DbcI ™/~
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Fig. 3. Dbc1~~ mice develop less severe autoimmune disease symptoms during EAE induction. (A) EAE clinical scores for 8- to10-wk-old male Dbc1+/*
and Dbc1~'~ mice (n = 7 in each group) were calculated on the indicated days after immunization with MOG35-55. (B) The statistical relationship
between the percentage of Foxp3™* cells in the CD4" population and EAE scores after EAE induction. (C) Representative flow cytometry data for IL-17a
and IFN-y expression in spleens and draining lymph nodes in each group. Mice were euthanized on day 33, and fresh cells taken from spleens were
stained for Foxp3, IL-17a, and IFN-y. (D) Representative microphotographs of spinal cord sections from mice in the Dbc1** (n=4) or Dbc1™~ (n=1)
group. (Original magnification: 200x.) Data are pooled from seven independent experiments. (E) EAE was induced in 8- to10-wk-old Dbc7** and Dbc1~~
Foxp3-GFP mice (n = 4 mice in each group) following immunization with MOG35-55 as previously described. PC61, an anti-CD25 antibody, was injected
5 d before EAE induction. The curve shows the EAE clinical scores calculated in the different groups. (F and G) IL-17a and IFN-y detected in E. The
percentage of IL-17a™ cells in the CD4* population in E (F) and the percentages of IL-17a* and IFN-y* cells in E were analyzed by flow cytometry (G).
(H) EAE was induced in B6 WT mice with MOG35-55. PC61 was injected to deplete Treg cells 7 d before EAE induction. Treg cells (2 x 10° for each mouse)
from Dbc1** or Dbc1™/~ mice were injected into these mice via the tail vein 6 d after MOG35-55 immunization. PBS was injected as a control. EAE clinical
scores were calculated at the indicated days after immunization. (/) The percentage of IL-17a* cells in the CD4* population in spinal cord analyzed by
flow cytometry in H. IL-17a expression was detected 18 d after EAE induction in the control group and 33 d after EAE induction in the Dbc7** and
Dbc17~ groups. *P < 0.05, **P < 0.01, ***P < 0.001.

Treg cells (Fig. SE). Z-IETD-FMK-treated DbcI*" Treg cells  thermore, we tested the suppressive function of Treg cells pre-
also restored Foxp3 expression when subjected to Th17-skewing  treated with Z-IETD-FMK under inflammatory conditions. We
conditions and produced less IL-17a (Fig. 5 F and G). Fur- found that Z-IETD-FMK also could rescue DbcI** Treg cells’
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Fig. 4. Dbc1™~ Treg cells function profoundly in preventing colitis. (4) The changes in weight in the different groups in the colitis model. Treg cells (5 x 10°) from
the indicated mice were expanded for 4 d and then were cotransferred i.p. with 3 x 10° syngeneic CD4+*CD45RB" T cells into 8- to 10-wk-old Rag2™~ mice (n = 6 mice
in each group). Rag2~'~ mice receiving only CD4*CD45RB" T cells were used as a control. Body weights were calculated twice a week. (B) Colitis scores were cal-
culated according to pathological anatomy and histological expression in the different groups. Each data point represents an individual mouse. (C) The percentages
of cells expressing IL-17a in the CD4* population. Fresh cells taken from spleens of mice in the Dbc1~~, Dbc1*"*, and control groups were stimulated with phorbol12-
myristate13-acetate (PMA) and lonomycin for 1 h and with brefeldin A (BFA) for 4 h (5 h total), followed by staining for IL-17a. (D) Representative photomicrographs
of colonic sections from control recipients (n = 11) or recipients that received Dbc1** (n=7) or Dbc1™~ (n = 3) Treg cells. Data from six independent experiments
were pooled. (Original magnification: 200x.) (E) The changes in weight in the different groups in the colitis model. Syngeneic CD4*CD45RB" T cells (3 x 10°) from
Dbc1*"* and Dbc1™~ mice were transplanted i.p. into 8- to 10-wk-old Rag2™~ mice (n = 4 mice in each group). Rag2™"~ mice injected with PBS were used as the
control group. Body weights were calculated twice a week. (F) Colitis scores were calculated according to the pathological anatomy and histological expression in
the different groups. Each data point represents an individual mouse. (G and H) Mesenteric lymph nodes were isolated and stimulated with PMA plus lon-
omycin and BFA. Cells were stained for IFN-y/IL-17a/CD4 and then were analyzed by flow cytometry. *P < 0.05; **P < 0.02; ***P < 0.01.

suppressive function to the levels similar to those of DbcI™~  lacking. Here we identified DBCI as a previously unidentified

Treg cells (Fig. 5H). Taken together, these findings show that
the caspase 8 might play an important role in Dbcl-mediated
Foxp3 degradation and suppressive function in Treg cells under
inflammatory conditions.

Discussion

Foxp3 and its partners orchestrate the dynamic regulation of
Treg-cell function to maintain immune homeostasis. However,
research on the regulatory mechanisms of the FOXP3 complex
under the influence of different environment cues has been

Gao et al.

subunit of the human FOXP3 complex by TAP in T cells.
Moreover, we assessed the role of DBCI1 in regulating FOXP3
expression and Treg-cell function under different inflamma-
tory conditions and established a critical role for DBCI in the
course of the inflammatory immune response in vivo. We showed
that DBCI could interact with FOXP3 physically. Functionally,
DBC1 significantly down-modulates FOXP3 expression and
Treg-cell function under inflammatory cytokine stimuli including
TNF-a, IL-6, or IL-6 plus TGF-§ treatment as well as in disease
models. The onset of EAE was delayed, and its severity was
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Fig. 5. Caspase 8 mediates FOXP3 degradation during TNF-a stimulation. (A) Jurkat (HA-FOXP3) cells were stimulated with 5 ng/mL rh-TNF-« for 12 h. The
caspase inhibitors Z-VAD-FMK (for pan-caspase) and Z-IETD-FMK (for caspase 8) (10 pM) were used as pretreatment for 1 h. Protein blots were probed with
antibodies as indicated. (B) Human Treg cells expanded in vitro for 12 d were infected with lentivirus expressing pLKO.1-shCK-GFP, shDBC1-GFP, or shCaspase
8-GFP. Three days after infection, cells were treated with TCR or with TCR, rh-IL-6 (20 ng/mL) and rh-IL-1f (20 ng/mL) or with TCR and rh-TNF-« (100 ng/mL) for
another 3 d. Then FOXP3 expression in the GFP™ population was analyzed by flow cytometry. Dashed lines represent Teff cells, and black lines represent Treg
cells. (C) The percentage of FOXP3* cells in CD4* cells in the GFP™ population from B was analyzed by flow cytometry. (D) Treg cells obtained from Dbc1** and
Dbc1~'~ mice were untreated (No treatment) or were pretreated with DMSO or the caspase 8 inhibitor Z-IETD-FMK for 1 h and then were cocultured with
rh-IL-2 (200 U/mL) and anti-CD3/CD28 microbeads (1:2 ratio) for 4 d. Cells were harvested, stained for Foxp3/CD25/CD4, and analyzed by flow cytometry. (E) Treg
cells were treated and cultured as described in D. Additional rm-TNF-a (100 ng/mL) was added in the culture system. Cells were harvested and stained for
Foxp3/CD25/CD4 and analyzed by flow cytometry. (F and G) Treg cells were pretreated and cultured as described in D. rm-IL-6 (10 ng/mL) and rh-TGF-§ (5 ng/mL)
were added to the culture. Cells were harvested and stained for Foxp3/CD25/CD4 (F) or IL-17a/CD4 (G) and were analyzed by flow cytometry. “No treatment,”
without treatment of inflammatory cytokines and inhibitors. (H) Suppressive activity of Treg cells from Dbc1™'~ and Dbc1*'* mice. Treg cells isolated from
Dbc1™~ and Dbc1** mice were pretreated with Z-IETD-FMK for 1 h and then were pretreated with 50 ng/mL rm-TNF-a or were treated with 10 ng/mL rm-IL-6
and 5 ng/mL rh-TGF-B. Treg cells’ suppressive function was tested as described in Methods. The x axis shows the ratio of Treg cells to responder T cells. All data
are representative of three independent experiments.

decreased in Dbcl ™'~ mice, an effect that was Treg-cell depen-  tected mice from EAE. The role of Dbcl may relate to Treg cells’
dent, as shown by the depletion of Treg cells using anti-CD25  stability and function. Dbcl does not affect the development of
antibody (PC61). In addition, Dbcl deficiency also partially pro- nTreg cells, because the frequency and total number of thymic
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Foxp3™ cells are similar in DbcI™~ and WT mice. Conversely,
Dbcl mainly regulates the stability and function of Treg cells in the
periphery. Adoptive transfer experiments using immunodeficient
and immunocompetent mice revealed that the functional activity of
DbcI™~ Treg cells is strengthened in inflammatory diseases, pro-
viding the further evidence that Dbcl modulates the functionality
of Treg cells in inflammatory disease states. Furthermore, we also
show that caspase 8 is involved in DBCl-mediated FOXP3 deg-
radation under inflammatory conditions.

Accumulating evidence supports the notion that Treg cells
harbor plasticity by sensing microenvironmental factors (35-39).
Under inflammatory conditions, Treg cells down-modulate FOXP3
protein stability or Treg cells’ suppressive activity to facilitate
pathogen clearance (24-26). The effect of the proinflammatory
cytokine TNF-a on Treg cells remains controversial (28, 29,
40-42). Grinberg-Bleyer et al. (40) showed that TNF-a produced
by T effector (Teff) cells boost Treg cells’ expansion, whereas
Valencia et al. (28) reported that TNF-a down-modulated
FOXP3 mRNA, FOXP3 protein, and their suppressive function.
Recently, Nie et al (29) found that TNF-a induced protein phos-
phatase 1 and reduced phosphorylation of Ser418 on FOXP3,
leading to impaired Treg-cell function. In our experimental sys-
tem, Treg cells lost their Foxp3 expression and suppressive
function after TNF-a stimulation. Although DbcI™'~ Treg
cells harbored slightly higher Foxp3 expression and suppres-
sive function at steady state, the differences were much more
pronounced upon TNF-a treatment, in which WT Treg cells
significantly lost Foxp3 expression and suppressive function.
Dbcl™'~ Treg cells also maintained Foxp3 expression and sup-
pressive function after treatment with IL-6 or IL-6 plus TGF-p.
Consistent with the high expression of Foxp3 in DbcI™'~ Treg
cells under inflammatory conditions, Dbcl ™~ CD4" T cells
produced less IL-17a. Our EAE and colitis models together
confirmed that the effect of Dbcl is Treg-cell specific and that
Dbcl deficiency could ameliorate EAE symptoms and miti-
gate mucosal inflammation in vivo. We also observed that Dbcl ™~
Treg cells lost Foxp3 protein and suppressive function slightly
after TNF-a, IL-6, or IL-6 plus TGF-f treatment, suggesting that
DBC1 may not be the only factor that affects Foxp3 stability
under inflammatory conditions.

To explore further the mechanisms of DBC1-mediated down-
regulation of Treg-cell function, we found that the caspase
8 inhibitor Z-IETD-FMK could rescue FOXP3 degradation
and Treg cells’ suppressive function under inflammatory con-
ditions. This result indicates that the caspase 8-mediated
pathway is responsible for FOXP3 degradation and Treg-cell
function. This finding was validated further through a knock-
down method to down-regulate the level of caspase 8 in
human nTreg cells. Although TNF-a could trigger cell apo-
ptosis, we found that Ac-DEVD-CHO and Z-LEHD-FMK
(inhibitors of caspases 3/7 and 9, respectively) inhibited apo-
ptosis but did not reverse FOXP3 degradation, suggesting that
FOXP3 protein reduction is not caused solely by the cell ap-
optosis induced by TNF-a. However, the molecular mecha-
nisms by which DBC1 affects the caspase 8-mediated pathway to
regulate FOXP3 stability and Treg-cell function require further
investigation.

In summary, our study has shown that DBC1 mediates the
reduction of FOXP3 expression in Treg cells in the presence
of inflammatory stimuli. Our data also unveiled a caspase
8-dependent FOXP3 destabilization pathway that potentially could
be targeted to modulate Treg-cell function during inflammation.
These results therefore may provide important applications as
therapy in autoimmune diseases where overexuberant and de-
structive inflammatory responses require dampening.

Gao et al.

Methods

Mice. C57BL/6 (B6) and C57BL/6-Foxp3-GFP (B6 GFP*) mice were purchased
from Jackson Laboratory. C57BL/6-Dbc1~"mice were generated at the Mayo
Clinic (31). Dbc1™'~ mice and Dbcl1~/~Foxp3-GFP mice were obtained by
crossing Dbc1*'~ with Dbc1*'~ in B6 or B6 GFP* mice. All mice were main-
tained in a single specific pathogen-free room in the animal facility at the
Penn State Hershey College of Medicine. Sex-matched 6- to 12-wk-old mice
were used in all experiments. All animals were treated according to National
Institutes of Health guidelines for the use of experimental animals (43) with
the approval of the Penn State Hershey College of Medicine Institutional
Animal Care and Use Committee.

In Vitro Cell Proliferation and Suppression Assay. Naive CD4* T cells (CD4*
CD257CD62L*) were purified by positive selection using CD4-specific MACS
beads (Miltenyi Biotec). Treg cells were sorted from the thymi and were
expanded using anti-CD3/CD28-coated beads and recombinant human (rh)-IL-2
for the number of days indicated. For in vitro suppression assays, 3 x 10°
CD4*CD25™ responder T cells isolated from C57BL/6 mice were labeled with
carboxyfluorescein diacetate succinimidyl ester (CFSE) and were mixed with
varying amounts of Treg cells as indicated. Cell mixtures were cocultured in
the presence of 3 x 10° irradiated antigen-presenting cells (APCs) and sol-
uble anti-CD3 mAb (0.025 pg/mL) in RPMI 1640 culture medium for 3 d. Cells
were harvested at day 3, stained for phycoerythrin (PE)-conjugated anti-CD8,
and analyzed on an LSRII flow cytometry system.

Treg-Cell Conversion Experiment. Treg cells expanded for 4 d were recultured in
the presence of APCs with soluble anti-CD3 (1 pg/mL), anti-CD28 (1 pg/mL), anti-IL-4
(5 pg/mL), and anti-IFN-y (5 pg/mL), with or without rh-TGF-p (5 ng/mL), recombi-
nant mouse (rm)-IL-6 (10 ng/mL), or rm-TNF-a (50 ng/mL). These cells were har-
vested after 3 d and were stained for intracellular expression of Foxp3 and IL-17a.

Induction of EAE. C57BL/6 WT and Dbc1~"~ mice were injected s.c. with 100 mg
of an emulsion of MOG35-55 peptide (CPC Scientific) in complete Freund’s
adjuvant in the hind flank on day 0 and day 7. Pertussis toxin (List Biological
Laboratories) at a dose of 250 pg per mouse was injected i.v. on days 0, 2, 7,
and 9. Disease severity was evaluated on a 0-5 scale as previously described;
the observers scoring the mice were blinded to the experiments.

Colitis Model. Treg cells were obtained from C57BL/6 WT and Dbc1~'~ mice as
described above. Syngeneic CD4*CD45RB" T cells (3 x 10°) were coinjected
i.p. with or without 5 x 10° Treg cells into Rag2~'~ mice. Mice developed
clinical signs of colitis within 3.5-4.5 wk (wk 4) after transfer. Mice were
monitored daily and weighed twice a week. Any mice showing clinical signs
of severe disease were killed according to animal regulation standards.

Human nTreg Cells. Human FOXP3*CD4+CD25" T cells were sorted from PBMCs
on the gate of CD4*, CD25%, and CD127"°". These cells were stimulated with
anti-CD3/anti-CD28-coated beads (in a ratio of three beads to one cell) in the
presence of 300 U/mL rh-IL-2 for 1-2 wk. These cells were harvested and
infected with lentivirus expressing pLKO.1-shCK-GFP (control), pLKO.1-shDBC1-
GFP, or pLKO.1-shCaspase 8-GFP for 3 d. These cells were harvested and
restimulated with TCR or with TCR and rh-IL-6/IL-1p, or with TCR and rh-TNF-a
for 3 d. FOXP3 expression was determined by flow cytometry assay. The in-
formed consent for all human experiments were approved by the Institutional
Review Boards of Penn State University and Institut Pasteur of Shanghai. In-
formed consent was obtained from recruited healthy volunteer.

Statistical Analysis. Analysis of statistically significant differences between
the groups of mice was performed by the Student'’s t test and Wilcoxon
test survival curves with the log rank test using GraphPad PRISM software
(GraphPad). Data are presented as the mean + SEM. Differences were con-
sidered significant when P values were <0.05.
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