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Summary

Induction of tolerance is a key mechanism to maintain or to restore
immunological homeostasis. Here we show that Foxp3™ regulatory T
(Treg) cells use Dickkopf-1 (DKK-1) to regulate T-cell-mediated tolerance
in the T-cell-mediated autoimmune colitis model. Treg cells from DKK-1
hypomorphic doubleridge mice failed to control CD4" T-cell proliferation,
resulting in CD4 T-cell-mediated autoimmune colitis. Thymus-derived
Treg cells showed a robust expression of DKK-1 but not in naive or effec-
tor CD4 T cells. DKK-1 expression in Foxp3™ Treg cells was further
increased upon T-cell receptor stimulation in vitro and in vivo. Interest-
ingly, Foxp3™ Treg cells expressed DKK-1 in the cell membrane and the
functional inhibition of DKK-1 using DKK-1 monoclonal antibody abro-
gated the suppressor function of Foxp3™ Treg cells. DKK-1 expression was
dependent on de novo protein synthesis and regulated by the mitogen-
activated protein kinase pathway but not by the canonical Wnt pathway.
Taken together, our results highlight membrane-bound DKK-1 as a novel
Treg-derived mediator to maintain immunological tolerance in T-cell-
mediated autoimmune colitis.
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Introduction

Induction of immunological tolerance is a key mechanism
to maintain homeostasis in the host.' The failure in
maintaining or restoring immunological tolerance after
immune responses often leads to chronic or autoimmune
inflammation.” Several studies demonstrated that Foxp3™
regulatory T (Treg) cells play a crucial role as a central
coordinator of immune suppression in a variety of
inflammatory diseases.’

The importance of the canonical Wnt pathway has been
implicated in tissue repair, wound healing and cell differen-
tiation processes.” It has been suggested that T cells
undergo active Wnt signalling, implicating the importance
of Wnt ligands in regulating T-cell responses.”” Dickkopf-1
(DKK-1) is a quintessential Wnt antagonist and was ini-
tially found to affect head development in Xenopus laevis.®
DKK family members DKK-2, DKK-3 and DKK-4, were
identified subsequently.” DKK-1 is a competitive inhibitory
ligand that has markedly higher binding affinity than ago-
nistic Wnt ligands such as Wnt3a to its receptor low-den-
sity lipoprotein receptor-related protein (LRP-6).” Mice
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that were homozygous for the total DkkI knockout died at
birth due to defects in the cranium and structures formed
by the neural crest.'” Several studies have reported that ele-
vated levels of DKK-1 were associated with disease severity
or a poor prognosis, which provided a rationale to regulate
the canonical Wnt pathway in cancer and bone diseases for
therapeutic purposes.''™'* It has been shown that DKK-1
might also use cell-to-cell contact to bind to LRP-6."

The immunomodulatory role of DKK-1 in cancer
immune surveillance and its pro-tumorigenic role were
also shown in its effect on myeloid-derived suppressor
cells.'"®'” Our recent study reported a novel role of DKK-
1 to promote pathological chronic type 2 inflammation.'®
Given the potential of DKK family member proteins to
be involved in tolerance and immunomodulation, we
decided to investigate whether DKK-1 may be present in
immune cells and play a crucial role in tolerance induc-
tion and maintenance.

In this study, we demonstrate that DKK-1 is uniquely
expressed in Foxp3™ Treg cells to inhibit T-cell-mediated
autoimmune colitis as a membrane-bound form. Foxp3™
Treg cells showed a robust expression of DKK-1 but not
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any other DKK family member genes. T-cell receptor
(TCR) stimulation induced membrane-bound DKK-1
expression via the mitogen-activated protein kinase
(MAPK) pathways.

Materials and methods

Mice

C57BL/6] and Rag2-deficient knockout mice were pur-
chased from the Jackson Laboratory (Bar Harbor, ME)
and had been bred in our mouse facility. The animals
were kept under normal light/dark cycle (12 hr/12 hr).
The doubleridge mice (Dkk-1Y%) were kindly provided by
Asma Nusrat (Emory University, Atlanta, GA). Foxp3-
IRES-RFP mice were bred in our mouse facility. Thyl-
IRES-IL-10 reporter mice were provided by Casey Weaver
(University of Alabama) and bred with Foxp3-IRES-RFP
mice. T-cell factor 1 (TCF-1) -deficient mice were kindly
provided by Hai-Hue Xue (University of Iowa) and bred
with Foxp3-IRES-RFP mice. All mouse protocols were
approved by the Yale University Institutional Animal
Care and Use Committee in accordance with the Associa-
tion for Assessment and Accreditation of Laboratory Ani-
mal Care International.

Adoptive transfer: inflammatory bowel disease model

For inflammatory bowel disease experiments using DKK-
1 inhibitor (WAY-262611), 4 x 10° splenic naive CD4 T
cells and 1-5 x 10° Treg cells were co-transferred into
8 week-old Rag2-deficient mice. Body weight was moni-
tored on a weekly basis. For the assessment of T-cell pro-
liferation in vivo, 4 x 10° splenic wild-type naive CD4 T
cells and 1-5 x 10° wild-type or doubleridge Treg cells
were co-transferred into 8-week-old Rag2-deficient mice.
One week later, spleens from these mice were harvested.
Cells were counted and analysed by flow cytometry for
their TCR-f chain expression.

Histopathology

Mouse colons were fixed in 10% neutral buffered formalin
for 24 hr and embedded in paraffin. Haematoxylin & eosin
staining of paraffin-embedded 5-um tissue sections was
performed according to standard protocols. Image acquisi-
tion was made using an Olympus microscope with Spot
RT camera and acquisition software. Histology scores of
colon were generated using the following phenotypes in a
blinded fashion by a certified pathologist. Chronicity: 0, no
increased inflammation; 1, low level of inflammation with
mildly increased inflammatory cells in the lamina propria;
2, moderately increased inflammation in the lamina pro-
pria; 3, high level of inflammation with evidence of wall
thickening by inflammation; 4, maximal severity of

inflammation with transmural leucocyte infiltration and/or
architectural distortion. Activity (observed epithelial
injury): 0, normal, no inflammation by neutrophils; 1,
occasional epithelial lesion (focal and superficial or rare
cryptitis); 2, foci of cryptitis, including rare crypt abscess;
3, multiple crypt abscess and/or focal ulceration; 4, exten-
sive ulceration and multiple crypt abscess. An average of
five fields of view per colon was evaluated in a blinded
fashion.

Antibodies and reagents

Anti-mouse CD4 (clone RM4-5), anti-mouse CD8f
(clone 53-6.7), anti-mouse TCR-f3 (clone H57-597), anti-
CD45RB (clone C363-16A), anti-CD3 (clone 145-2C11),
anti-CD28 (clone 37.51), anti-mouse CD45 (clone
30-F11), anti-CD25 (clone 7D4), anti-CD62L (clone
MEL-14), anti-CD44 (clone IM?7), anti-mouse LAP
(transforming growth factor-f;; TGF-f;), anti-Nrp-1
(clone 3E12), anti-Thyl.1 (clone OX-7) and Rag IgG2a
isotype control (clone eBR2a) were purchased from eBio-
science (San Diego, CA) or BioLegend (San Diego, CA)).
Polyclonal anti-DKK-1 and isotype control antibody were
purchased (BioSS). DKK-1 antibody and isotype antibody
were purchased from R&D Systems (Minneapolis, MN).
Serum glucocorticoid kinase 1 (SGK-1) inhibitor
(GSK650394) was purchased from GSK (GlaxoSmithKline,
Brentford, UK). DKK-1 inhibitor (EMD Millipore, Biller-
ica, MA, USA), p38 inhibitor SB203528 (Tocris), GSK3p
inhibitor BIO (Calbiochem, San Diego, CA) and atorvas-
tatin (Sigma, St Louis, MO, USA) were purchased from the
indicated vendors. Porcupine inhibitor IWP-2 was pur-
chased from ApexBio (Houston, TX). Jun N-terminal
kinase inhibitor SP12560001 and extracellular signal-regu-
lated kinase inhibitors U0126 and PD98059 were kindly
provided by Dr Bing Su (Yale University). Cyclohexamide
(Sigma) was kindly gifted by Dr Peter Cresswell (Yale
University). Human and mouse DKK-1 ELISA kits were
purchased from R&D Systems. CellVue cell membrane
staining dye and eFluor 670 cell proliferation dye were pur-
chased from eBioscience. Experimental procedures for each
dye followed the manufacturers’ protocols. Interleukin-
17A (IL-17A), IL-1p, IL-23 and IL-6 were purchased from
Peprotech (Rocky Hill, NJ, USA). Anti-CD3¢ F(ab’), frag-
ment was purchased from BioXcell (West Lebanon, NH).

Cell lines and plasmids

DKK-1 ¢cDNA was cloned into the pFRSV-SRu expression
vector. Briefly, Chinese Hamster Ovary cells were trans-
fected with DKK-1-pFRSV-SRa and then DKK-1 expres-
sion was amplified by methotrexate treatment. Before
harvest, methotrexate was removed, and cells were washed.
As a control, pFRSV-SRa expression vector was transfected
and then the supernatant was also harvested and used in
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the experiment as a control. Amounts of DKK-1 were
determined by DKK-1 ELISA (R&D Systems).

Real-time quantitative PCR

RNA was extracted from FACS-sorted cells using the
RNeasy Micro Kit (Qiagen, Germantown, MD, USA).
Complementary DNA was generated using an iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA, USA), and
real-time reactions were performed in triplicate using
SYBR Green master mix (Bio-Rad). Data were acquired
on an iCycler iQ Real-time PCR Detection System (Bio-
Rad). Expression was normalized to GAPDH. Primer
sequences were DKK-1 forward: 5-GCG GCA AGA CCT
ACA CCA AGA G-3'; DKK-1 reverse: 5-CTT TCG GTA
GTG GCG GGT AAG C-3';5 Gapdh forward: 5-GCC TTC
CGT GTT CCT ACC-3;5 Gapdh reverse: 5-GCC TGC
TTC ACC ACC TTC-3'; DKK-2 forward: 5-TGG ATC
ATG ACT TCC GTG ACG CTT-3; DKK-2 reverse: 5'-
GCC ATC TTG CCA TGG TCT TGG TTT-3; DKK-3
forward: 5-AGA ACT CCA AGA GGC ACA GAG CAA-
3’; DKK-3 reverse: 5-TGT TGT GAG GGA TCT GAC
AAG CCA-3'; DKK-4 forward: 5-TGG TGG TGG CTC
TCC TTG-3'; DKK-4 reverse: 5-AGT TCC GCA CAT
CCT TCT TG-3'; Wnt3a forward: 5-TCG GAG ATG
GTG GTA GAG AAA CAC-3'; Wnt3a reverse: 5'-AAG
TTG GGT GAG GCC TCG TAG TAG-3’; Wnt5a forward:
5'-ACA ACC TGG CAG ATG TAG CCT GTA-3'; Wnt5a
reverse: 5'-CGC GCT ATC ATA CTT CTC CTT GAG-3';
Wnt7b forward: 5-CCC AAT GGA GAC AAA TCC CTT
TAC-3'; Wnt7b reverse: 5-GAA ACC GTT TTG AGT
GTG ACT GGT-3'; Wntl0b forward: 5-GTT TCC GTG
AGA GTG CTT TCT CCT-3'; Wntl0b reverse: 5-TCT
TGC TCA CCA CTA CCC TTC CAT-3'; Wntll forward:
5'-GGG CTT CAA AGG AAA CTG ATA GGA-3'; Wntll
reverse: 5'-CCT TGA AAG GTC AAA TGC ACA GTC-3'.

Cell culture and in vitro Treg cell suppression assay

Unless specified, Treg cells and naive CD4 T cells or
effector CD4 T cells were activated with anti-CD3 (2 pg/
ml) and anti-CD28 (2 pg/ml) antibodies for 72 hr. Cells
were cultured in RPMI-1640 media supplemented with
10% fetal bovine serum, 1% penicillin/streptomycin and
50 um f2-mercaptoethanol for 72 hr.

Immunofluorescence

CD4" TcRB" Foxp3" cells were sorted after 6 weeks of
adoptive transfer in Rag2-deficient mice. Sorted Treg cells
were either stained with DKK-1 isotype antibody or
DKK-1 antibody. Also, these Treg cells were briefly
stained with CellVue lipophilic dye to visualize cell mem-
brane. Cells were then centrifuged briefly with a Cytospin
(3 min, 200 g). To visualize the nucleus, cells were
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mounted with VECTASHIELD anti-fade medium con-
taining DAPI. A Zeiss Axio Observer 7 immunofluores-
cence microscope was used to acquire images of stained
cells. Zeiss ZEN imaging software and PHoTosHOP were
used for image processing and analysis.

T-cell differentiation

For CD4 T-cell differentiation, naive CD4 T cells
(CD4" CD62LM CD44' Foxp3(RFP)") were isolated from
6- to 7-week-old Foxp3-IRES-RFP mice. For T helper
type 1 (Thl) differentiation, cells were activated with
plate-bound anti-CD3 (2 pg/ml), anti-CD28 (2 pg/ml) in
the presence of IL-2 (25 U/ml) and IL-12 (20 ng/ml) for
96 hr in RPMI-1640 medium (5% fetal bovine serum,
1% penicillin/streptomycin and 10 mm HEPES). For Th2
differentiation, cells were activated with plate-bound anti-
CD3 (2 pg/ml), anti-CD28 (2 pg/ml) in the presence of
IL-2 (25 U/ml), anti-interferon-y (XMG1.2) monoclonal
antibody (10 pg/ml) and IL-4 (100 U/ml) for 96 hr. For
Th17 cell differentiation, TGF-f; (1 ng/ml) and IL-6
(25 ng/ml) were used with anti-CD3 and anti-CD28 anti-
bodies. For invariant Treg cell differentiation TGF-f;
(2 ng/ml) and IL-2 (100 U/ml) were used with anti-CD3
and anti-CD28 antibodies. For the isolation of CD4 T
cells, spleens from 6- to 7-week-old male Foxp3-IRES-
RFP mice were prepared as single-cell suspensions. After
red blood cell lysis, cells were stained with CD16/CD32
FcR blocking antibody (clone 2.4G2). A Stratedigm
S1000EX analyser was used for flow cytometry, and data
were analysed using rLowjo software (Treestar, Ashland,
OR, USA).

Statistical analysis

Statistical significance was determined by one-way analy-
sis of variance with Dunnet’s post-hoc test or Student’s
t-test (P < 0-05 was taken as significant) with GRAPH PAD
PrISM software (GraphPad Software, San Diego, CA, USA).

Results

Foxp3" Treg cell-derived DKK-1 prevents
autoimmune T-cell-mediated colitis

The dysregulation of Wnt signalling components or the
presence of Wnt agonists showed the loss of suppressor
function of Treg cells in autoimmune disease or the
intestinal tumorigenesis microenvironment.'”** Among
Wnt ligands and their antagonists, DKK-1 was expressed
in Foxp3" Treg cells under homeostatic conditions
(Fig. la). Next, we decided to test whether the reduction
of DKK-1 expression in Treg cells may impair their sup-
pressor function. To this end, we used Treg cells from
DKK-1 hypomorphic doubleridge (Dkk-17%) mice in an
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Figure 1. DKK-1 in Foxp3" regulatory T (Treg) cells controls T-cell-mediated colitis. (a) Wnt ligands mRNA expressions in Treg cells
(CD4" Foxp3™) were analysed by quantitative RT-PCR. (b—g) Naive CD4 T cells and wild-type or doubleridge (Dkk-1¥%) CD4" CD25" CD45RB"
Treg cells were co-transferred into Rag2-deficient mice. Mean body weight was measured on a weekly basis (b). Colon tissues were assessed for
disease chronicity and severity (c,d), and representative images are displayed. Scale bar in the right panel represents 10 um. Original magnifica-
tion is 40x (e). CD4 T cells and Treg cell numbers in spleen were counted (f,g). (h) Naive CD4 T cells and Treg cells were co-cultured in the
presence of anti-CD3 with anti-CD28 monoclonal antibody (1 pg/ml) for 90 hr. Naive CD4 T cells were labelled with eFluor670 to measure pro-
liferation. Then 50 pg of DKK-1 or Isotype antibody was added to the culture. CO-C3 indicates the number of cycles of proliferation. A represen-
tative of two independent experiments is shown. One-way analysis of variance with Dunnett’s post-hoc test was performed. Small horizontal lines
indicate the mean (+ SEM).

autoimmune T-cell-mediated colitis model. We moni- doubleridge Treg cells failed to prevent T-cell-mediated
tored whether doubleridge Treg cells could prevent T-cell- colitis, as shown by the mean body weight loss (Fig. 1b).
mediated colitis. In contrast to wild-type Treg cells, Histopathological scores also showed that both severity
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and chronicity were exacerbated in the group that
received doubleridge Treg cells (Fig. 1c—e). CD4 T-cell
proliferation was increased when doubleridge Treg cells
were co-transferred whereas Treg cell numbers did not
decrease when compared with the wild-type Treg cell
group (Fig. 1f,g). Previously we did not observe any
marked autoimmune phenotypes in DKK-1 hypomorphic
doubleridge mice and their Foxp3" Treg cell numbers
were comparable to wild-type littermate controls.'”® We
examined the expression of Treg cell markers in doub-
leridge Treg cells, and there were no notable differences
when compared with wild-type Treg cells (see Supple-
mentary material, Fig. Sla). We further tested whether
the loss of suppressor function occurs readily after adop-
tive transfer. One week after adoptive transfer, CD4 T-cell
numbers were quantified in spleens. The doubleridge Treg
cells failed to control CD4 T-cell proliferation in Rag2-
deficient mice after 7 days (see Supplementary material,
Fig. S1b). Finally, we tested the functional significance of
DKK-1 in Treg cells in vitro. DKK-1 monoclonal antibody
or its isotype control monoclonal antibody was added in
a conventional suppressor assay. Treg-mediated suppres-
sion was abrogated, and effector T-cell proliferation was
increased (Fig. 1h). To see whether an exogenous or
membrane-bound form of DKK-1 may exert similar bio-
logical activity, we tested the exogenous DKK-1 in a sup-
pressor assay. The DKK-1-treated Treg cells still
maintained suppressor activity whereas Wnt3a abrogated
Treg cell-mediated suppression, indicating that exogenous
DKK-1 did not have additional bioactivity on Treg cells
(see Supplementary material, Fig. S2a). Taken together,
our data demonstrated that Treg cells express high levels
of DKK-1 mRNA, and the genetic reduction of DKK-1 in
Treg cells results in the loss of control of CD4 T-cell pro-
liferation, leading to T-cell-mediated colitis.

Membrane-bound expression of DKK-1 is unique to
thymus-derived Foxp3™ Treg cells

As we observed that splenic Foxp3* Treg cells expressed
DKK-1 mRNA, we further investigated DKK-1 mRNA
expression in various conditions. We found that Foxp3"
Treg cells expressed high levels of DKK-1 mRNA com-
pared with naive CD4 T cells or effector CD4 T cells
(Fig. 2a). Upon activation, Treg cells expressed more
DKK-1, yet the activated naive/effector CD4 T cells
showed marginal induction DKK-1 expression compared
with Treg cells (Fig. 2a). The mRNA expression of DKK-
1 was measured with various types of in vitro differenti-
ated CD4 T cells including TGF-f;-induced Treg cells.
Little DKK-1 expression was detected in the TGF-f;-
induced Treg cells (Fig. 2b). As the isolated splenic Fox-
p3" Treg cells expressed DKK-1 mRNA, we examined
whether thymic Foxp3" Treg cells express DKK-1. Thy-
mus-derived Foxp3™ Treg cells expressed higher levels of

DKK-1 from Tregs prevents autoimmune colitis

DKK-1 mRNA (Fig. 2¢). The transcription factor Foxp3
programmes Treg cells, so we tested whether the forced
expression of Foxp3 would induce DKK-1 mRNA expres-
sion. To this end, we observed no detectable signals of
DKK-1 in retrovirally transduced Foxp3-expressing CD4
T cells (Fig. 2d). We also tested other pro-inflammatory
cytokines, but they had little effect on DKK-1 mRNA
expression (Fig. 2e). We attempted to detect DKK-1 pro-
tein in splenic Foxp3" Treg cells. Approximately 6-8% of
splenic Foxp3™ Treg cells expressed DKK-1 on the cell
surface (Fig. 2f). We attempted to detect DKK-1 protein
after stimulating Treg cells from DKK-1 hypomorphic
doubleridge mice or wild-type mice in vitro, but high
levels of DKK-1 were not observed in wild-type Treg cells
in a soluble form in culture supernatants (see Supplemen-
tary material, Fig. S2b). We then questioned whether
DKK-1 could be present in a membrane-bound form.
Interestingly, DKK-1 was readily detected in the mem-
brane of Foxp3" Treg cells after CD3 and CD28 stimula-
tion but not in Foxp3~ effector CD4 T cells (Fig. 2g,h).
This membrane-bound DKK-1 was not prominently
expressed in effector CD4 T cells or other in vitro differ-
entiated helper T cells, including TGF-f;-induced Treg
cells (see Supplementary material, Fig. S3a).

Finally, we checked whether DKK-1 is expressed in
suppressor assays that have both effector CD4 T cells and
Foxp3" Treg cells, and observed that high percentages of
Foxp3" Treg cells do express DKK-1 (Fig. 2i). Approxi-
mately 50% of DKK-1" Foxp3" Treg cells co-express
IL-10, and this co-expression of DKK-1 and IL-10 was
detected minimally in effector CD4 T cells (Fig. 2i).
Taken together, our results showed that DKK-1 is highly
expressed in Foxp3" Treg cells and DKK-1 expression is
increased following T-cell receptor-mediated stimulation
of Foxp3* Treg cells.

Robust expression of DKK-1 in Foxp3™ Treg cells

in vivo

Next, we tested whether Foxp3™ Treg cells do express
DKK-1 as a membrane-bound form in vivo. Interestingly,
DKK-1 was highly expressed in Foxp3* Treg cells com-
pared with CD4" Foxp3™~ effector T cells when DKK-1
was detected at the cell surface in a standard T-cell-
mediated colitis model (Fig. 3a). We found that DKK-
1" Foxp3" Treg cells in these mice co-expressed other
Treg markers such as LAP, NRP-1 and CD25 (Fig. 3b).
Further analyses using splenic DKK-1" Foxp3™ Treg cells
by confocal microscopy showed that DKK-1 was co-loca-
lized with the lipophilic cell membrane-staining dye Cell-
Vue, suggesting that DKK-1 is located on the membrane
of Treg cells in vivo (Fig. 3c). We decided to test whether
Treg cells would express DKK-1 upon direct stimulation
through the TCR in vivo. To this end, we used a non-Fc-
binding anti-CD3¢ F(ab’), that is often used to activate T
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quantitative PCR. (b) CD8 T cells, B cells and splenic naive CD4 T cells were differentiated under each condition (Thl, Th2, Th17 and iTreg)
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sorted 72 hr after retroviral transduction, and analysed by quantitative PCR. (e) Treg cells were activated in the presence of interleukin-6 (IL-6)
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Foxp3 expression were analysed by flow cytometry. (g,h) Splenic CD4" T cells were activated for 72 hr. (i) Splenic CD4" Foxp3™ T cells and Treg
cells from 8- to 10-week-old BiT-FIR (IL-10-Foxp3 reporter) mice were co-cultured and activated for 72 hr. A representative of two experiments
is shown. Student’s t-test or one-way analysis of variance with Dunnett’s post-hoc test was performed. Small horizontal lines indicate the mean
(£ SEM).
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Figure 3. T cell receptor (TCR) stimulation induces a membrane-bound form of DKK-1 expression in regulatory T (Treg) cells. (a) Six weeks
after adoptive transfer, Foxp3 and DKK-1 expressions were analysed by flow cytometry. (b) Isolated CD4 T cells from (a) were analysed by flow
cytometry. (c) Isolated Treg cells from (a) were analysed by immunofluorescence microscopy. C1, Treg cells stained with isotype control antibody
for DKK-1; S1, S2, individual images of Treg cells stained with DKK-1 antibody. (d—f) 8- to 10-week-old FIR mice were treated with 80 pg of
anti-CD3¢ F(ab’), fragment intravenously for three consecutive days (n = 4). TCR-B" cells in the peripheral blood were measured by flow cytom-
etry (d). TCR-f" cells in the spleen were measured by flow cytometry for DKK-1 and Foxp3. (e,f) A representative of two experiments is shown.
In (f), each data point was calculated by the following equation: (DKK-1" Foxp3" Treg cells (%) / (DKK-1Foxp3" Treg cells (%) + DKK-1"
Foxp3* Treg cells (%)) x 100. Student’s t-test was performed. Small horizontal lines indicate the mean (£ SEM).
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cells in vivo producing a much-reduced cytokine storm
compared with an Fc-binding anti-CD3 antibody. It has
been shown that anti-CD3 administration elicits transient
T-cell depletion both in preclinical and clinical studies.*'
»* Anti-CD3 administration primarily impacts T effector
cells but spares Foxp3"™ Treg cells from apoptosis, anergy
and antigenic modulation while giving the Treg cell pop-
ulation an advantage to proliferate and induce immuno-
logical tolerance.”® After 3 days of consecutive treatment
of non-Fc-binding anti-CD3¢ F(ab’),, > 90% of periph-
eral T cells were depleted at day 4. T cells gradually
repopulated until day 14 (Fig. 3d). Two weeks after anti-
CD3¢ F(ab’), treatment, we observed that Foxp3" Treg
cells were still expressing DKK-1 in the spleen (Fig. 3e,f).
Taken together, our data suggest that DKK-1 is expressed
in Foxp3" Treg cells as a membrane-bound form in vivo,
and anti-CD3¢ F(ab’), treatment expands a pool of DKK-
1" Treg cells through TCR stimulation in vivo.

De novo expression of DKK-1 is regulated by the
MAPK pathway in Treg cells

We questioned whether DKK-1 expression required de
novo protein synthesis upon TCR stimulation. Cyclohex-
imide was used to test this question. Protein synthesis
inhibition by cycloheximide markedly decreased DKK-1
expression (Fig. 4a). As stimulation of Treg cells through
the TCR and the co-stimulatory molecule (CD28)
induced DKK-1, we investigated downstream signalling
pathways that could regulate DKK-1 expression. Interest-
ingly, we found that the inhibition of p38 MAPK and Jun
N-terminal kinase activity, and MAPK kinase activity,
markedly decreased DKK-1 expression (Fig. 4b). We
tested whether other important pathways in Treg cell
function were affected such as the mechanistic or mam-
malian Target of Rapamycin (mTOR) pathway or the
mevalonate pathway using rapamycin or atorvastatin.
However, rapamycin or atorvastatin treatment did not
alter DKK-1 expression when Treg cells were activated,
suggesting that these pathways are not involved (Fig. 4c).
In addition, we tested whether mTORC2 inhibition using
SGK-1 inhibitor. We found that SGK-1 inhibition has a
marginal inhibitory effect on DKK-1 expression (Fig. 4c).
As DKK-1 is known as a Wnt target gene, we tested
whether activation of the canonical Wnt signalling

pathway would enhance DKK-1 expression. We first
tested whether the lack of the canonical Wnt pathway
transcription factor TCF-1 may regulate DKK-1 expres-
sion. DKK-1 expression in TCF-1"'~ Treg cells was not
markedly changed (Fig. 4d). We also tested two different
Wnt mimetics to determine whether the canonical Wnt
pathway is involved in DKK-1 expression in Treg cells.
GSK3-f inhibitor (BIO) and porcupine inhibitor IWP-2
did not change DKK-1 expression in Treg cells (Fig. 4e).
This suggested that the canonical Wnt pathway compo-
nents are not involved in regulating DKK-1 expression in
Treg cells. In addition, we tested whether cytokines that
stimulate homeostatic proliferation of T cells (IL-7 or
IL-15) may enhance DKK-1 expression. It has been
reported that Wnt signalling up-regulates IL-7R and IL-
2Rf, enhancing the survival of T cells.”> However, these
homeostatic cytokines decreased DKK-1 expression in
Treg cells, suggesting that IL-7 and IL-15-mediated sig-
nalling events might play even an inhibitory role in DKK-
1 expression (see Supplementary material, Fig. S3b). Very
recently, it has been shown that the inhibition of PI3K/
Akt signalling pathways induces DKK-1 to inhibit cell
proliferation.”® As IL-7/IL-15-mediated signalling uses
PI3K/Akt signalling pathways, it might be possible that
the activation of PI3K/Akt signalling pathway activation
might have led to the inhibition of DKK-1 expression.
Further investigation on this point is warranted.

Taken together, our data show that DKK-1 expression
in TCR-activated Treg cells requires the MAPK pathway,
but is independent of the canonical Wnt pathway, the
mTOR or mevalonate pathway.

Discussion

We demonstrate that thymus-derived Foxp3™ Treg cells
express DKK-1 in a membrane-bound form to suppress
T-cell-mediated colitis. The unexpected localization and
function of DKK-1 in Foxp3" Treg cells indicates that
DKK-1 function is an important regulator of peripheral
tolerance by controlling T-cell proliferation in a cell-cell
contact-dependent manner as well as a paracrine manner.

Our study raises an important cell biological question
regarding whether DKK-1 can be present as a membrane-
bound form as well as a soluble ligand. So far DKK-1 has
been mostly considered to be a soluble ligand that would

Figure 4. De novo expressions of DKK-1 in regulatory T (Treg) cells is regulated by the mitogen-activated protein kinase (MAPK) pathway. (a)

Splenic Treg cells were isolated from 8-week-old FIR mice and activated for 72 hr. Cyclohexamide was added for the last 24 hr of culture at the

indicated doses (10 pg/ml and 2 pg/ml). DKK-1 expression was measured by flow cytometry. (b) Treg cells were activated in the presence of Jun
N-terminal kinase inhibitor SP6000125 (2 pm), MAPK kinase inhibitor PD98059 and U0126 (1 pm), and p38 MAPK inhibitor SB203580 (5 pm).
(c) Treg cells were activated in the presence of rapamycin (1 and 0-1 nm), SGK-1 inhibitor GSK653094 (2 and 0-4 M), and atorvastatin (10 and

1 um). (d) Treg cells from 8-week-old wild-type or TCF-1 knockout mice were activated for 72 hr. (e) Treg cells were activated in the presence
of GSK3f inhibitor BIO (100 nwm), and its negative control MeBIO (100 nm), and porcupine inhibitor IWP-2 (100 nm) for 72 hr. A representa-
tive of two independent experiments is shown. For (b) and (c), One-way analysis of variance with Dunnet’s post-hoc test was performed. For (d),

Student’s #-test was performed.
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bind to its receptor LRP-6, competing with a Wnt agonist
such as Wnt3a. Notably, a possibility has been raised in
which DKK-1 might be present in the membrane while it
competes with mesodermin to bind LRP-6."> It is not
uncommon that soluble ligands such as TGF-f or
fractalkines are present as membrane-bound forms. In
fact, the GenecarDs database also predicted the presence
of DKK-1 in the cellular membrane with the same confi-
dence level as the extracellular milieu (http://www.geneca
rds.org/cgi-bin/carddisp.pl?gene=DKKI).

There are multiple possible mechanisms regarding
DKK-1-mediated suppression of naive CD4 T-cell activa-
tion and differentiation. First, DKK-1 has been well
known as a quintessential Wnt antagonist to inhibit cell
proliferation. Hence, it is possible that DKK-1 in Treg
cells decrease the proliferation of naive CD4 T cells by
inhibiting the canonical Wnt pathway. Alternatively,
DKK-1 may up-regulate gene expression of inhibitory
proteins for naive CD4 T-cell proliferation. We observed
that the gene expression of IL-2-mediated signalling inhi-
bitory protein Suppressor of Cytokine Signalling-1 was
increased by DKK-1 (data not shown). DKK-1 may inhi-
bit Thl cell differentiation since our previous study
showed that DKK-1 antagonizes the expression of inter-
feron-y expression by increasing Gata-3.'®

The dependence of DKK-1 expression on the MAPK
pathway in Foxp3™ Treg cells is in line with its enhanced
expression upon TCR stimulation in vivo and in vitro.
Given that DKK-1 is a Wnt target gene, an increase in
DKK-1 expression would have been expected by the treat-
ment of Wnt mimetics or the elevation of TCF-1, break-
ing Treg cell-mediated suppression by the activated
canonical Wnt pathway. Our experimental findings using
the Wnt mimetics or TCF-1-deficient Treg cells suggest
that DKK-1 expression in Foxp3* Treg cells is indepen-
dent of the canonical Wnt pathway activation.

Previous studies demonstrated thrombocytes (or plate-
lets) or cancer cells as sources of DKK-1 upon exposure
to external stimuli (e.g. parasites or allergens) or alter-
ations in cancerous cells.'"®*** Notably, membrane-
bound TGF-f is also highly expressed in thrombocytes
and Treg cells similar to DKK-1." Although the biologi-
cal importance of platelet-derived DKK-1 and Treg cell-
derived DKK-1 is now being addressed by our studies,
how the mammalian immune system has evolved to share
expression patterns of these two seemingly important
immune regulators such as DKK-1 and TGF-f in throm-
bocytes and Treg cells awaits further studies.

Very recent reports including ours in the field showed
pro-inflammatory roles of DKK-1 in various diseases such
as asthma, parasitic or viral infection and cancer. 61831
The role of DKK-1 in Treg cells is to control unwanted
inflammation that is very different from its previously
known role as a pro-inflammatory ligand. A possible
explanation of this context-dependent role of DKK-1 is

that the role of DKK-1 could be multifunctional in a
given inflammatory milieu. This microenvironment-
dependent expression of DKK-1 has been well-documen-
ted in a very recent study describing the role of DKK-1
to promote, not to inhibit, haematopoiesis in bone mar-
row after radiation injury through p38 MAPK in OSX*
cells.”* Alternatively, DKK-1 may use different types of
receptors to trigger signalling pathways other than the
canonical Wnt pathways. Recent findings and expecta-
tions in the field predict that there are other unknown or
novel receptors than LRP-6 that transmit DKK-1-
mediated signalling events such as cytoskeleton-associated
protein-4 (CKAP-4).”> >* The signalling pathways
through CKAP-4 were independent of the canonical Wnt
pathway, suggesting that more studies regarding the
DKK-1-mediated signalling pathway will ensue.

Taken together, our findings identify the novel
immunoregulatory role of DKK-1 in Foxp3" Treg cells to
control peripheral tolerance, highlighting DKK-1 as a
compelling molecular target to control autoimmune
diseases.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. Doubleridge Tregs are impaired to control T

cell proliferation but express conventional Treg markers.

Figure S2. Soluble DKK1 is not detected in Treg and

DKK-1 does not impair suppressor function of Tregs.

Figure S3. DKK-1 expression is not regulated by T cell

differentiation or homeostatic cytokines.
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