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Abstract

Background: Type 2 immunity can be modulated by regulatory T cell (Treg) activity. It has
been suggested that the deubiquitinase CYLD plays a role in the development or function of
Treg cells implying it could be important for normal protective immunity where type 2 responses
are prevalent.

Objective: We sought to investigate the role of CYLD in Treg function and T helper type (Th2)
immune responses under steady state conditions and during helminth infection.

Methods: Foxp3-restricted CYLD conditional knockout mice (cKO) were examined in mouse
models of allergen-induced airway inflammation and Nippostrongylus brasiliensis infection. We
performed multiplex magnetic bead assays, flow cytometry and qPCR to understand how a lack
of CYLD affected cytokine production, homing and suppression in Tregs. Target genes
regulated by CYLD were identified and validated by microarray analysis, co-immunoprecipitation,
shRNA knockdown, and transfection assays.

Results: Treg-specific CYLD knockout mice showed severe spontaneous pulmonary
inflammation with increased migration of Treg cells into the lung. CYLD-deficient Treg cells
furthermore produced high levels of interleukin-4 (IL-4) and failed to suppress allergen-induced
lung inflammation. Supporting this, the cKO mice displayed enhanced protection against N.
brasiliensis infection by contributing to type 2 immunity. Treg conversion into IL-4 producing
cells was due to augmented MAPK and NF-kB signaling. Moreover, Scinderin, a member of the
actin-binding gelsolin family, was highly upregulated in CYLD-deficient Treg cells, and controlled
IL-4 production through forming complexes with MEK/ERK. Correspondingly, both excessive IL-
4 production in vivo and the protective role of CYLD-deficient Treg cells against N. brasiliensis
were reversed by Scinderin ablation.

Conclusions: Our findings indicate that CYLD controls type 2 immune responses by regulating

Treg conversion into Th2-like effector cells, which potentiates parasite resistance.
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Key Messages

» Treg-specific CYLD knockout mice develop a type 2-based lung inflammation while they are
resistant against helminth infection

» CYLD-deficient Treg cells produce IL-4 via activation of MAPK and NF-kB signaling pathways
» CYLD controls Scinderin expression, which promotes MEK/ERK complex formation required

for IL-4 production

Capsule Summary

Deubiquitinating enzyme CYLD plays a role in maintaining Treg function on type 2 immunity,

which will be beneficial for therapeutic approaches to autoimmune disease or pathogen infection.

Key words

Helminth infection, Type 2 immunity, Regulatory T cells, CYLD deubiquitinase, Lung

inflammation, Interleukin-4, Scinderin, MAPK signaling, NF-kB signaling

Abbreviations

Foxp3: Forkhead box P3, Treg: Regulatory T cells, CYLD: Cylindromatosis, cKO mouse:

Conditional knockout mouse, YFP: Yellow fluorescent protein, IL-4: Interleukin-4, CCR8: C-C
motif chemokine receptor 8, OVA: Ovalbumin, BAL fluid: Bronchoalveolar lavage fluid, MAPK:
Mitogen-activated kinase, NF-kB: Nuclear factor kappa B, ERK: Extracellular receptor kinase,

MEK: Mitogen-activated protein kinase kinase, Scin: Scinderin
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Introduction

Regulatory T (Treg) cells play an important role in controlling immune homeostasis by
suppressing excessive autoimmunity as well as maintaining immune tolerance.” 2 The
expression of Foxp3, a master transcription factor crucial for Treg generation and function, is
indispensable as Foxp3 mutations lead to multi-organ autoimmunity in both mouse and human.*
* Treg cells are generated in the thymus and migrate into the periphery to become thymus-
derived naturally occurring Treg (tTreg) cells. In addition, naive CD4" T cells can be
differentiated into Foxp3* Treg cells, to then become peripherally induced Treg (pTreg) cells.
Foxp3 expression in Treg cells is quite stable under normal conditions.® However, these cells
lose their Foxp3 expression under certain inflammatory or disease conditions.® This loss of
Foxp3 expression impairs the suppressive function of Treg cells and can contribute to elevate
inflammation and effector cytokine production. Recent studies have highlighted the role of
ubiquitination in controlling Treg suppressive vs. inflammatory activity. For example, we have
demonstrated that VHL, an E3 ubiquitin ligase, controls interferon-y (IFN-y) production by Treg
cells through regulating HIF-1a ubiquitination’, whereas the deletion of SHARPIN that forms a
linear-ubiquitin-chain-assembly complex (LUBAC) resulted in inflammatory interleukin-17 (IL-17)
expression.? ? Treg cells are also able to exhibit pro-inflammatory immune responses regardless
of Foxp3 expression. For example, Treg cells are capable of displaying a T helper type 2 (Th2)-
like phenotype without losing Treg activity nor Foxp3 stability.'® The above findings indicate that
the expression of pro-inflammatory cytokines such as IL-4 are tightly regulated in Treg cells and
this might be important in Th2 immunity, including during infections which are controlled by type
2 cytokine production.

Helminths are multicellular worms which can reside in various tissues. Helminth infection
generally promotes type 2 immune responses with increased expression of IL-4, IL-5 and IL-

13.2 A number of immune cells in the innate and adaptive immune systems play a role in
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protective immune reactions against helminth infection.”**® IL-4 and IL-13 initiates Th2-
dependent immune responses after gastrointestinal nematode invasion.'” It has been suggested
that Treg cells play a role in controlling immune responses upon helminth invasion. CD4"

Foxp3* regulatory T cells rapidly expand upon helminth infection®2°

and group 2 innate
lymphoid cells (ILC2) activated by IL-33 promote Treg accumulation through ICOSL-ICOS upon
N. brasiliensis infection.?* Interestingly, however, Treg cells do not always limit immune
responses during infection, and the conversion of Treg cells into Th2-like cells has been shown
to promote type 2 immunity against H. polygyrus.? 2 On the other hand, helminths are able to
escape from host immunity by augmenting pTreg differentiation via the production of a TGF-3
mimic.?* Thus, the modulation of Treg function might be closely related with anti-helminth
immune responses.

Cylindromatosis protein (CYLD), a deubiquitinating enzyme, is encoded by a tumor
suppressor gene whose mutation is linked to the development of multiple benign skin tumors.?
It contains several functional domains including the protein interaction domains for TRAF2 and
NEMO binding, and a C-terminal deubiquitinase enzymatic domain. CYLD is known as a
negative regulator of the NF-kB signaling pathway in several types of immune cells suchas T
cells,”® B cells,?” and dendritic cells.?®® A study using transgenic CYLD ex7/8 mice, which
overexpress a short form of CYLD lacking TRAF2 and NEMO binding motifs, showed impaired
Treg function,?® with reduced capability to suppress inflammatory immune responses, and the
loss of CTLA4 and CD25 expression on their surface. CYLD also can negatively regulate TGF-3
signaling which is involved in the generation of pTreg cells.*® However, these findings were
either based on in vitro studies or in mice with germline deletion or a truncation mutation of
CYLD that modulated CYLD in both Treg cells and conventional T cells, as well as non-T cells,
and thus did not definitively address the physiological and intrinsic roles of CYLD in Treg cells.

In addition, the observed phenotypes could have been influenced by other cell types, due to the
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chronic inflammation in these mice. It is therefore, still unclear how and if CYLD plays an
intrinsic role in regulating Treg cell development and function during pathogen invasion.

In this study, we investigated the involvement of CYLD in Treg cell regulation by
generating Treg-specific CYLD knockout mice. We found that loss of CYLD in Treg cells
resulted in enhanced type 2 immunity and protection against helminth infection. CYLD
modulated Th2 cytokine production through controlling the expression of an actin-binding
protein Scinderin. Our data suggest that CYLD activity in Treg cells maintains their suppressive

function and limits host protective immunity against Nippostrongylus brasiliensis infection.

Methods

Mice

147", and CD45.1 congenic mice were purchased from Jackson Laboratories. CYLD floxed®*
and Scinderin floxed mice®” were kindly provided by Dr. Ting, Icahn School of Medicine at
Mount Sinai, and Dr. Glogauer, University of Toronto, respectively. The floxed mice were
crossed with Foxp3-cre-YFP®? mice to generate the conditional knockout mice in the animal
facility at La Jolla Institute for Immunology. For inducible deletion of CYLD in Treg cells, CYLD
floxed mice were crossed with mice expressing CreERT2 fusion gene under control of Foxp3
gene. For the induction of Cre recombinase nuclear translocation, 6-week-old mice were
injected intraperitoneally with 100 pl of 10 mg/ml tamoxifen (Sigma T5648) once every day for
seven days. All mice were maintained according to the animal protocols approved by the
Institutional Animal Care and Use Committee of the La Jolla Institute for Immunology. Six to
twelve week-old mice were used for most experiments, and aged mice (8 month-old) were used
for histological analysis. Both female and male mice were randomly assigned to each group
since there was no difference in observed phenotypes between male and female mice. However,

only female heterozygote Foxp3“®* mice were used for other experiments.
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153  Cell isolation and sorting

154  Cells were isolated as described in the previous report.” Briefly, cells from the spleen and lymph
155  nodes were isolated by grinding through nylon mesh (70 um). For isolation of cells from lung
156  and intestine, tissues were digested with Collagenase Il (1 mg/ml, Worthington) at 37°C for 1 hr.
157  For the purification of naive T cells and Treg cells, CD4" T cells were first enriched from the

158  spleen by using a CD4 isolation kit (BioLegend or STEMCELL Technologies). Then, CD4"

159 CD25 CD44 CD62L" and CD4" YFP™ (Foxp3™) cells were further sorted by FACS Aria (BD

160  Biosciences) for naive and Treg cells, respectively. To isolate several kinds of immune cells
161  from WT spleen, total cells were subjected to FACS-sorting for Treg cells (CD4" YFP™), naive
162  CDA4 T cells (CD4" YFP™ CD44™ CD62L"), effector/memory CD4 T cells (CD4" YFP™ CD44"

163  CD62L"), naive CD8 T cells (CD8" CD44™ CD62L"), effector/memory CD8 T cells (CD8" CD44"
164 CD62L"), B cells (CD3™ CD19"), NK cells (NK1.1" NKp46™), and myeloid cells (CD11c* CD11b",
165 CD11c' CD11b" and CD11c™ CD11b"). The purity of sorted cells was ~99%.

166

167  Flow cytometry

168  Cells were stained with the following antibodies; anti-CD4 (RM4-5), anti-CD44 (IM7), anti-

169  CD62L (MEL-14), anti-CD25 (PC61), anti-ICOS, anti-Nrp-1 (3E12), anti-CTLA4 (UC10-4B9),
170  anti-CD103 (2E7), anti-CD357 (GITR, DTA-1), anti-CD304 (Nrp-1, 3E12), anti-OX40 (OX86),
171  anti-LAP-TGF-B1 (TW7-16B4) and anti-4-1BB (17B5) from BioLegend. Anti-CD124 (mIL4R-M1)
172  and anti-IL-33R (T1/ST2, DJ8) antibodies were purchased from BD Biosciences and MD

173  Biosciences, respectively. Cells were stained with CCL1-human IgG FC fusion proteins (Sino
174  Biological Inc) and further incubated with biotinylated anti-human IgG antibodies (Vector Labs),
175  followed by streptavidin-APC or PE-Cy7 for CCR8 expression, while cells were stained with

176  anti-CCR3 (83103, R&D) and anti-CXCR3 (220803, R&D) antibodies, and further incubated with
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biotinylated anti-rat IgG2a (RMG2a-62), followed by streptavidin-APC or PE-Cy7 for CCR3 and
CXCR3 expression. For CCR4 and CCRY7, cells were stained with biotinylated anti-CCR4 (2G12,
BioLegend) and anti-CCR7 (4B12, BioLegend) antibodies, followed by streptavidin-APC or PE-
Cy7. For intracellular staining, cells were fixed with Fixation/Permeabilization buffer
(eBioscience) after surface staining, and were further incubated with anti-Foxp3 (FJK-16s), anti-
Helios (22F6), anti-Eomes (Danllmag), anti-T-bet (eBio4B10 (4B10)), anti-GATA3 (TWAJ) and
anti-RORyt (Q31-378) antibodies. To determine the expression of cytokines, cells were
stimulated with PMA and ionomycin in the presence of GolgiStop (BD Biosciences) for 3 hrs
before staining. Cells were then fixed with Cytofix/Cytoperm buffer (BD Biosciences), followed
by staining with anti-IL-4 (11B11), anti-IL-5 (TRFK5) and anti-IFN-y (XMG1.2) antibodies.

Stained cells were analyzed by FACSCanto Il or LSRII (BD Biosciences).

Airway inflammation induced by OVA

Lung inflammation was induced as previously described.'®*? The mice including Cyld** Foxp3°"®
(WT donor), Cyld" Foxp3°® (KO donor) and WT B6 mice (recipient), were immunized
intraperitoneally with 20ug OVA protein (Sigma) adsorbed to alum adjuvant (ThermoFisher) on
day 0 and 7. On day 14, YFP" Treg cells were sorted from spleens of OVA-immunized WT and
KO donor mice and then adoptively transferred i.p. (0.35 x 10%/mouse) into OVA-sensitized WT
B6 recipients. At 12 hrs after Treg transfer, mice were given intranasal OVA protein (100 ug) for
5 consecutive days. At 48 hrs after the last intranasal OVA challenge, mice were examined to
assess airway inflammation. CD45" B220” CD3™ CCR3" eosinophils, B220/CD3" lymphocytes
and CD45" B220" CD3™ CD11c” MHCII" mononuclear cells from lung or BAL fluid were analyzed

by flow cytometry.

Parasite infection
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Nippostrongylus brasiliensis was amplified by monthly passages in rats. The infective third-
stage larvae (L3) worms were purified with a Baermann apparatus and washed by PBS. Mice
were injected subcutaneously with 500 L3 worms in PBS. At day7 of infection, mice were

analyzed for worm burden in the small intestines and egg number in feces.®®

Comparative homing in vivo

YFP" Treg cells were freshly isolated from spleens of either WT or CYLD cKO mice. Isolated
WT and KO Treg cells were labeled with CellTrace Violet (ThermoFisher) and eFluor 670
(eBioscience), respectively, according to manufacturer’s protocol. Both labeled Treg cells (2 x
10° cells) were intravenously co-transferred into B6 WT mice. At 18 or 48 hrs after transfer, Treg
cells were isolated from several organs and homing capacity was determined by flow cytometry.
The absolute number of migrated Treg cells was calculated, and relative homing ability was

calculated by the ratio of WT and KO cells.

Microarray analysis and qRT-PCR

RNAs were isolated from sorted Treg (YFP™) cells with RNeasy Plus Micro Kit (Qiagen). Gene
expression was then determined by Mouse Gene 1.0 ST array Chip (Affymetrix). Array was
performed by UCSD VA/VMRF microarray core facility. For gRT-PCR, total RNAs were subject
to cDNA synthesis by using SuperScriptase IV (Invitrogen). Quantitative PCR was performed on
LightCycler 480 (Roche) or CFX96 (Bio-Rad). The expression of MRNA was normalized by 3-

actin or cyclophilin-A. The primers used in gRT-PCR are listed in Table E1.

In vitro culture of Treg cells
For induction of pTreg cells, naive T cells were activated with aCD3/28 antibodies (plate-coated,

2 ug/ml) and aCD28 antibodies (soluble, 1 pg/ml) in the presence of IL-2 (100 U/ml) and TGF-

10
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B1 (5 ng/ml) in RPMI 1640 medium containing 10% FBS for 3-4 days. Differentiated pTreg cells
were further expanded in the presence of IL-2 and TGF-B1 for 3-4 days. Sorted YFP" tTreg cells
or pTreg cells were activated with aCD3/28 antibodies and IL-2 (100 U/ml) in presence or
absence of inhibitors for 48 hrs. MAPK inhibitor (U0126) and NF-kB SN50 inhibitor were

purchased from EMD Millipore, and treated as indicated.

Retroviral Transduction

Oligonucleotides (5'-TGCTGTTGACAGTGAGCGATCCGTGTCTCTCAAGGCAAAGTAGTGAA
GCCACAGATGTACTTTGCCTTGAGAGACACGGACTGCCTACTGCCTCGGA-3') for Scinderin
were cloned into a retroviral LMP vector expressing mAmetrine fluorescent proteins. For
overexpression, murine Scinderin was cloned into a pMIG-IRES-GFP retroviral vector. After
viral vectors were transfected into viral packaging cells by using TransIT (Mirus Bio LLC), viral
supernatants were harvested. Naive CD4" T cells were activated with anti-CD3 and anti-CD28
antibodies in the presence of IL-2 and TGF-B1 for 24 hrs, and were then infected with viral
supernatants by centrifugation at 2,000 rpm for 60 min at RT in presence of polybrene (8 pug/ml).
Cells were further cultured in presence of IL-2 and TGF-B1 for 4-5 days. Transduced cells

(mAmetrine” YFP* CD4") were isolated by FACS-sorting.

In vitro suppression assay

Treg cells (YFP") were sorted from spleens of WT and CYLD cKO mice. Naive CD45.1" CD4" T
cells were labeled with CellTrace Violet (Invitrogen) according to manufacturer’s protocol.
Labeled naive T cells (5 x 10%) were activated with aCD3 antibodies (soluble, 2 pg/ml) and
irradiated splenic APCs (10 x 10%) in the presence or absence of sorted Treg cells (CD45.2*
YFP") at indicated ratios for 4 days in a round-bottom 96-well plate. Proliferation of labeled

naive T cells was determined by the dilution of CellTrace Violet dye.
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Apoptosis of Treg cells

Sorted WT and KO Treg cells were activated with anti-CD3 (2 pg/ml) and anti-CD28 (1 pg/ml)
antibodies in the absence or presence of IL-2 (50 U/ml) for 18 hrs. Activated cells were then
stained with annexin V (BioLegend) and propidium iodide (PI) according to manufacturer’s

protocol.

Measurement of cytokines and chemokines
The production of inflammatory cytokines and chemokines from culture supernatant was

determined by Bio-Plex kit (Bio-Rad) according to manufacturer’s protocol.

Immunoprecipitation and immunoblot

Isolated Treg cells were activated with anti-CD3 and anti-CD28 antibodies as indicated. Cell
lysates were prepared in RIPA buffer containing a protease inhibitor cocktail. To overexpress
proteins, 293T cells were transfected with appropriate amounts of plasmids using TransIT-LT1
transfection reagents (Mirus Bio LLC). At 48 hrs post transfection, cell lysates were prepared
with 1% NP-40 lysis buffer containing protease inhibitor cocktail.”® Then, lysates were diluted to
0.1% NP-40 and incubated with anti-HA magnetic beads (ThermoFisher) or anti-FLAG magnetic
beads (Sigma) at 4°C for overnight. The immunocomplexes were collected on a magnetic stand
after washing with TBST buffer, and were eluted with the acidic buffer (0.1 M glycine, pH
2.0~3.0). Immunoblot was performed with the following antibodies. Anti-CYLD, anti-phospho-
ERK1/2, anti-ERK1/2, anti-phospho-JNK, anti-JNK, anti-phospho-p38, anti-p38, anti-phospho-
p65, and anti-STAT6 antibodies were purchased from Cell Signaling. Anti-IkBa, anti-B-actin,
anti-HA and anti-MYC antibodies were from Santa Cruz. Anti-Scinderin (Novus), anti-Foxp3

(eBioscience), and anti-Flag (Sigma) antibodies were used.
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Statistical analysis
All data was analyzed by non-parametric Mann-Whitney test or Wilcoxon matched-pairs signed

rank test using GraphPad Prism 8.

Results

Treg-specific CYLD deficiency leads to allergic-like inflammation

We first examined the expression of CYLD by Treg cells and found that both freshly isolated

and in vitro generated Foxp3™ Treg cells had higher levels of CYLD than conventional T cells
(Fig 1, A and B), suggesting that CYLD may be essential in Treg cells. Since systemic CYLD

KO mice or truncated CYLD mutant mice displayed excessive inflammation due to a lack of
suppressive function,?® we examined the effect of Foxp3-specific ablation of CYLD using
conditional knockout mice (cKO). Aged CYLD cKO mice had enlarged spleens and lungs (Fig
E1, A) with CYLD cKO mice starting to develop inflammation in the lung around 2 months of age,
but not in other organs (data not shown). Correspondingly, increased numbers of immune cells
were found in bronchoalveolar lavage and lung tissues, including eosinophils, compared with
WT control mice (Fig 1, C). In addition, CYLD cKO mice over 8 months old displayed
inflammation in the skin reminiscent of atopic dermatitis as well as allergic-like inflammation in
the lungs, but not in the liver (Fig 1, D). CD44"%" CD62L"" effector/memory T cells were greatly
increased in CYLD cKO mice compared to control littermates (Fig 1, E and F), indicating that
deregulated T cell activation occurred with a CYLD deficiency in Treg cells. Although Foxp3™ T
cells were also enriched among CD4" T cells from CYLD cKO mice (Fig 1, G and H), there was
no significant difference in apoptosis in vitro between CYLD-deficient and WT Treg cells (Fig E1,
B). We then examined the proliferative capacity of CYLD-deficient Treg cells and found the

expression of Ki-67 was significantly increased in Foxp3* as well as Foxp3™ T cells in CYLD

13
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cKO mice (Fig E1, C) even though Bcl-2 expression was reduced in CYLD-deficient Treg cells
(Fig E1, D). This implies that CYLD-deficient Treg cells are more proliferative under
inflammatory conditions. CYLD-deficient Treg cells showed a slight, but not significant reduction
in the expression of CTLA4 and CD25 (Fig E1, E) compared with control Treg cells, whereas
the expression of LAP-TGF-1, CD103, GITR, ICOS, OX40, 4-1BB, Nrp-1 and helios, but not
IL-33 receptor, was upregulated by CYLD deficiency.

To assess whether CYLD-deficient Treg cells are functional, we performed an in vitro
suppression assay and found that the suppressive activity of CYLD-deficient Treg cells was
comparable to that of WT Treg cells in vitro (Fig E1, F-H), perhaps related to the dominant role
of CTLA4, CD25, and TGF-B in suppression in vitro that has previously been reported.** To
further test the suppressor function of Treg cells in vivo, we performed adoptive transfer
experiments with antigen-specific Treg cells in an allergen model of lung inflammation.'® %> We
prepared OVA-specific Treg cells from OVA-immunized WT or cKO mice. Isolated OVA-specific
Treg cells were then adoptively transferred into WT B6 mice, followed by intranasal injection of
OVA protein to induce allergic airway inflammation (Fig 1, I). CYLD-deficient Treg cells, unlike
WT Treg cells, failed to inhibit the recruitment of inflammatory immune cells such as eosinophils
and lymphocytes into the lung (Fig 1, J), which correlated with pathological changes as revealed
by histological examination (Fig 1, K). Thus, these results demonstrate that CYLD-deficiency in
Treg cells causes impaired regulatory function in vivo leading to enhanced development of

allergic-like inflammation.

CYLD regulates the migratory activity and type 2 cytokine production of Treg cells
In addition to suppressive function, we tested whether CYLD might regulate other functions in
Treg cells such as their homing capacity. To address this hypothesis, we first analyzed the

expression of several trafficking receptors in CYLD-deficient Treg cells. mRNA for Th1l-

14
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associated CXCR3 and Thl7-associated CCR6 expression was upregulated, and CCR8 but not
CCRA4 expression was also upregulated among Th2-associated chemokine receptors in CYLD-
deficient Treg cells (Fig 2, A). In addition, the mRNA expression of CCR7, a key homing
receptor for migration into secondary lymphoid organs, was reduced, and Tfh-associated
CXCR5 mRNA expression was also downregulated. Protein analysis confirmed that the
expression of CCR8 was highly increased, whereas CCR7 expression was markedly reduced in
Treg cells in both the spleen and lungs (Fig 2, B). To determine whether the differential
chemokine receptor expression affects the migratory ability of CYLD-deficient Treg cells, we
performed a comparative homing experiment by co-transfer of both WT and CYLD-deficient
Treg cells into WT B6 mice (Fig 2, C). At 18 hrs after adoptive co-transfer, CYLD-deficient Treg
cells were efficient in migration into the lung among several organs compared to WT Treg cells,
whereas they showed decreased homing into the lymph nodes (Fig 2, D-F) correlating with
decreased CCRY7 expression. The increased homing of CYLD-deficient Treg cells into the lung
was prolonged and still seen at 48 hrs after Treg transfer (Fig E2, A and B). Thus, the lack of
CYLD promoted both the expansion and the homing capacity of Treg cells resulting in their
increased accumulation in the lung.

Given the lack of suppression in vivo (Fig 1, I-K), but relatively normal expression of
suppressive molecules (Fig E1, E), we then examined if CYLD-deficient Treg cells lost
regulatory activity by gaining the ability to produce inflammatory cytokines after activation.
Strikingly, CYLD-deficient Treg cells strongly produced IL-4 protein compared to WT Treg cells
that had minimal expression of IL-4 (Fig 3, A), and other cytokines were also elevated in CYLD-
deficient Treg cells albeit to a lesser extent. The mRNA level of 114 was also markedly increased
by the CYLD deficiency, whereas that of Ifng, 1117, or 1110 was not changed (Fig 3, B). This was
further confirmed by intracellular cytokine staining, with IL-4 expression markedly increased in

Foxp3® cells T cells from CYLD cKO mice (Fig 3, C and D). Although IL-5 production was

increased in CYLD-deficient Treg cells in vitro (Fig 3, A), Foxp3* T cells minimally produced IL-5
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in the lungs of CYLD cKO mice (Fig E3, A and B). Interestingly, Foxp3 T cells in the CYLD cKO
mice also expressed higher levels of IL-4 (Fig 3, C and D), and IL-5 (Fig E3), suggesting
conventional T cells also became dysregulated toward type 2 immunity because of the
deficiency of CYLD in Treg cells. We also found that CYLD-deficient Treg cells in the lung
expressed higher levels of CCR8 as well as IL-4 compared to those in the spleen (Fig 3, E).
There was a possibility that the upregulated IL-4 expression in CYLD-deficient Treg cells might
be due to the increased Th2-dominant immune responses in CYLD cKO mice and not be
intrinsic to the CYLD deficiency. To address this issue, we examined Cyld"" Foxp3™'®
heterozygote female mice in which both WT and KO Treg cells are present (Fig 3, F). As
expected, we did not observe any inflammation in these mice and the proportion of
effector/memory T cells was very similar to control WT mice (Fig E4, A and B). Interestingly, the
expression of GITR and ICOS was not altered by CYLD-deficient Treg cells in Cyld"" Foxp3*'®
heterozygote female mice unlike Cyld™ Foxp3® mice, implying that the expression of GITR and
ICOS might be upregulated under inflammatory conditions (Fig E4, C and D). Nevertheless,

CYLD-deficient Treg cells still produced higher levels of IL-4 even in the presence of WT Treg

cells (Fig 3, G) suggesting that CYLD directly restricted production of IL-4 in Treg cells.

CYLD-deficient Treg cells limit parasite infection by producing IL-4

Besides the induction of harmful allergic inflammation, IL-4 production by Treg cells may be
beneficial for certain Th2 immune responses such as protection from parasite infection. To test
this possibility, both WT and CYLD cKO mice were infected with N. brasiliensis and we
examined whether there was any difference in pathogen clearance. CYLD cKO mice had much
lower worm numbers in the intestines and decreased egg numbers in feces than control WT
mice (Fig 4, A and B), and the recruitment of eosinophils into the peritoneum was greatly

increased in CYLD cKO mice compared to WT mice at 7 days after helminth infection (Fig 4, C).
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The numbers of IL-4" Treg cells and conventional Th2 cells were increased, and this was
maintained over 2 weeks post infection, in CYLD cKO mice (Fig E5). To further test whether the
protective immunity was dependent on IL-4, we examined N. brasiliensis-infected CYLD/IL4
dKO mice, and found that CYLD/IL4 dKO mice failed to reduce the number of worms in the
intestines unlike CYLD cKO mice (Fig 4, D). CYLD/IL-4 dKO and IL-4 KO mice were also unable
to limit the intestinal worm burden as well as to recruit CD45" CD11b"" Siglec-F* eosinophils

into the peritoneum (Fig 4, E and F), likely due to the absence of IL-4-expressing cells (Fig 4, G).
Furthermore, we investigated the protective role of CYLD during helminth invasion by utilization
of another system with inducible conditional knockout of CYLD using Foxp3-EGFP-cre-ERT2
mice, to rule out any effect of the spontaneous inflammatory environment in CYLD cKO mice.
The mice were injected with tamoxifen for 7 days, and infected with the helminth (Fig 4, H). First,
we verified the deletion of CYLD from Foxp3* Treg cells after tamoxifen treatment (Fig 4, 1). We
found the worm number in the intestines was greatly reduced in Cyld"" Foxp3-EGFP-cre-ERT2
mice (Fig 4, J), and CD45" CD11b"" Siglec-F* eosinophils were increased in the peritoneum
(Fig 4, K and L). Importantly, this was accompanied by elevated numbers of IL-4 producing
Foxp3® Treg cells as well as conventional Th2 cells (Fig 4, M). These results demonstrate that

Treg function regulated by CYLD is critical for Th2 and anti-parasite immunity.

CYLD restrains MAPK signaling pathway by regulating Scinderin expression in Treg cells
It has been shown that CYLD acts as a negative regulator of the NF-kB signaling pathway by
regulating IKKy and TRAF2.%334 In keeping with this, CYLD-deficient Treg cells showed a
reduction of IkBa as well as increased phosphorylation of p65/RelA compared to WT Treg cells
(Fig 5, A). Interestingly, MAPK signaling was also strongly activated in CYLD-deficient Treg
cells as the phosphorylation of ERK was increased (Fig 5, A). To examine whether this might

explain increased IL-4 production by CYLD-deficient Treg cells, we utilized both U0126, an
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inhibitor of MEK1/2 that blocks the ERK signaling pathway, and SN50, an inhibitor of the NF-kB
signaling pathway. Both inhibitors were effective in suppressing IL-4 expression in CYLD-
deficient Treg (Fig 5, B and C).

To further understand how CYLD functioned in Treg, we performed a genome-wide
microarray analysis. CYLD deficiency influenced the expression of gene families for
cytokine/chemokines, cell cycle/apoptosis, and transcriptional regulation (Fig E6, A). The
expression of inflammatory chemokines and cytokines such as Ccl3, Ccl5, Ccll, Xcl1, Cxcl10,
Cxcl11 and Il14 were elevated in cKO Treg cells (Fig E6, B). The expression of many genes
engaged in cell division/apoptosis were regulated by CYLD (Fig E6, A); Cdknla, Mki67, Plk1,
Cdk1, Aurka, Nek2 and Cdc25c were upregulated, while Dapkl and Myc were downregulated in
CYLD-deficient Treg cells. We also noted that a number of transcription factors were affected by
the CYLD deficiency (Fig E6, C): Eomes and Thx21 were upregulated, while Foxp3 and RORC
were downregulated. It is possible that there is a discrepancy between mRNA and protein levels.
Indeed, CYLD did not affect the protein expression levels of Eomes, Thet and RORwt (Fig E6, D).
IL4/STAT®6 signaling, upstream of the master transcription factor GATAS, is critical for the
differentiation of conventional Th2 cells. The expression of GATA3 was not changed by the
CYLD deficiency in Treg cells (Fig E6, C and D). Moreover, shRNA against GATA3 showed a
minor effect on IL-4 production in CYLD-deficient Treg cells (data not shown). Additionally,
CYLD-deficient Treg cells had reduced expression of IL-4Ra, and unchanged STAT6
expression compared to WT Treg cells (Fig E6, E and F), implying that increased production of
IL-4 by these Treg was primarily dependent on enhanced NF-kB and MAPK signaling rather
than greater responsiveness to extrinsic signaling from IL-4.

Among the CYLD-regulated genes, Scinderin, a member of the gelsolin protein family,*
% was most upregulated in Treg cells (Fig 5, D). We verified the robust expression of Scinderin

in CYLD-deficient Treg cells at both the mRNA and protein levels (Fig 5, E and F). The
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expression of Scinderin was regulated by NF-kB signaling, since an inhibitor of NF-kB, but not
an inhibitor of the MAPK cascade, was able to reduce Scinderin expression in CYLD-deficient
Treg cells (Fig 5, G and H). The differential expression of Scinderin was also examined in
various immune cells in WT mice: Scinderin was highly expressed by Treg cells,
effector/memory CD8 T cells, and CD11c" cells compared to other immune cells including naive
CD4/CD8 T cells, B cells, and NK cells (Fig E7, A). Scinderin plays a role in osteoclast
differentiation by controlling cytoskeletal remodeling®” and has been reported to regulate NF-kB
and p38 MAPK signaling during osteoclast differentiation.®® ** We therefore examined whether
Scinderin played a role in the MAPK activation as we observed in CYLD-deficient Treg cells. We
first tested several MAP3Ks as well as MAP2Ks/MAPKSs to determine whether they could
interact with Scinderin. Among the tested molecules, MEK1 and MEK2 were able to bind to
Scinderin (Fig 5, 1). Notably, we identified that the interaction between MEK and ERK was
remarkably enhanced in the presence of Scinderin (Fig 5, J). Moreover, the knockdown of
Scinderin by shRNA was able to reduce the phosphorylation of ERK1/2 (Fig 5, K), suggesting
Scinderin expression is important for MAPK activation. Most interestingly, the expression of IL-4
in CYLD-deficient Treg cells was significantly diminished by Scinderin knockdown (Fig 5, L),
indicating that Scinderin elicits IL-4 expression by enhancing the activation of the MAPK
signaling pathway. In addition, we assessed if overexpression of Scinderin affects ERK1/2
phosphorylation or IL-4 production in WT cells. By using retroviral transduction, the forced
overexpression of Scinderin was able to facilitate ERK1/2 phosphorylation (Fig 5, M) and
increase IL-4 expression (Fig 5, N). These results demonstrate that Scinderin itself has the
ability to increase MAPK activation even in WT T cells to promote IL-4 production, and the
deregulated IL-4 production seen in CYLD-deficient Treg cells was likely related to excessive

activity of Scinderin and MEK/ERK.
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Scinderin negatively mediates CYLD function in Treg cells

To further verify the physiological role of Scinderin in Treg cells, we generated double knockout
Cyld" Scin™ Foxp3°® (dKO) mice. Scinderin ablation in CYLD cKO mice reduced the proportion
of CD44"9" CD62L"" memory/effector T cells that accumulated (Fig 6, A and B), compared to in
CYLD cKO mice. In addition, consistent with our results of ShRNA knockdown of Scinderin, the
increased IL-4 and CCRS8 expression in CYLD-deficient Treg cells was notably downregulated in
CYLD/Scinderin dKO Treg cells (Fig 6, C). Moreover, the increased number of IL-4" Treg cells
as well as conventional Th2 cells seen in the lungs of CYLD cKO mice was largely eliminated by
Scinderin ablation (Fig 6, D and E) further supporting that Scinderin is responsible for IL-4
production by CYLD KO Treg cells. Spontaneous lung inflammation caused by the CYLD cKO
deficiency was also ameliorated by Scinderin deletion (Fig 6, F and G). Accordingly, Scinderin
deletion was able to abolish the enhanced protective immunity against N. brasiliensis infection
(Fig 6, H) accompanied by the reduced recruitment of eosinophils in the peritoneum (Fig 6, I).
Of note, Scinderin cKO mice were comparable to WT mice in conventional T cell activation (Fig
E7, B and C), Foxp3 expression (Fig E7, D and E) and homing capacity (Fig E7, F and G).
Collectively, the data suggest that CYLD deficiency induces Scinderin expression, which is

critical in regulating IL-4 production in Treg cells.

Discussion

The present study demonstrates the critical role of CYLD in the maintenance of Treg cell
function by controlling IL-4 production. Our study also reveals that CYLD regulates the
differential migration capacity of Treg cells by modulating the expression of trafficking receptors.
We further show increased anti-parasite immunity driven by dysregulation of Treg by CYLD
deletion. Importantly, we show that CYLD controls the expression of Scinderin, which in turn

activates the MAPK pathway and downstream IL-4 production, suggesting a novel mechanism
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by which CYLD acts as a key regulator for Treg function in maintaining immune tolerance and
immunity during infection.

A previous study demonstrated that CYLD can impact the suppressive function of Treg
cells, but was complicated as it used germline transgenic targeting of CYLD through mutation of
TRAF2 and NEMO binding motifs.?° This would have directly affected non-Treg cells as well as
Treg, and also might have produced a situation where CYLD function was biased as opposed to
eliminated. The weak suppressive activity of Treg cells in this mouse with a CYLD®"® mutation
was explained by lower expression of CTLA-4 and CD25. Another study also suggested that
CYLD might function by restraining differentiation of conventional naive T cells into Treg by
regulating Smad7 and p38 signaling downstream of TGF-.%° While these observations imply
that CYLD may have several different roles in Treg development and function, our present study
with conditional knockout of CYLD only in Foxp3®* Treg suggests an alternative role where
dysregulation of IL-4 production is important to Treg function. We found that CYLD-deficient
Treg cells promoted type 2 immune responses and were impaired in their suppressive activity in
vivo, even though they exhibited functional suppressive activity in vitro. Our data showed CYLD-
deficient Treg cells still maintained CD25, CTLA4, and TGF-3 expression, as well as high levels
of GITR and ICOS, all of which may contribute to the regulatory function in vitro.*>** We also
observed that GITR and ICOS expression were not significantly changed under non-

inflammatory conditions in female heterozygote Cyld"" Foxp3°®*

mice. Thus, it is possible that
the environment in the aforementioned CYLD®"”® transgenic mice may have affected Treg
development and function*” and explained the difference with our results. Regardless, our data
suggest that Treg conversion into IL-4 producing cells is intrinsic even in a non-inflammatory
environment, and this conversion eliminates suppression and promotes a type 2 immune

response regardless of expression of Treg surface antigens normally involved in suppressive

activity. While TGF-B and p38 signaling promotes Foxp3 expression,* our findings indicate that
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differential signaling involving either of these molecules might not explain our observations since
both Foxp3 transcription and p38 phosphorylation were not altered in CYLD-deficient Treg cells.
Nevertheless, we cannot exclude the possibility that CYLD regulates the intracellular crosstalk
among various signaling pathways including NF-kB, MAPK, TGF-f3, and TCR signaling.

The homing ability of Treg cells is one of the key aspects of their function, because they
are able to suppress target cells once they migrate into and localize in a specific tissue site. For
example, Treg cells that are enriched in human breast cancer exhibited CCR8-dependent
suppression, correlating with clinical outcome.** However, the present study demonstrates that
deregulated expression of homing receptors in Treg cells can lead to either enhanced
inflammation or anti-parasite immunity, rather than a suppressed immune response. Specific
deletion of CYLD in Foxp3® Treg cells caused inflammation in the lungs correlating with their
increased migratory activity into the lungs. CYLD-deficient Treg cells shared the skin/lung
homing receptor expression of CCR8, but not CCR4, with conventional Th2 cells.* Thus, the
increased homing of CYLD-deficient Treg cells is causal to the excessive IL-4 production and
type 2 immunity in the lungs.

IL-4 produced by CYLD-deficient Treg cells also appeared to impact conventional Th2
cells expressing type 2 cytokines such as IL-4 and IL-5, providing another mechanism to further
boost type 2 immunity against helminth infection. However, CYLD-deficient Treg cells seemed
not to employ the IL-4/STAT6 signaling pathway for their conversion to Th2-like cells or IL-4 that
controls cell homeostasis by intracellular signaling through p38 or TGFBR,* “® since IL-4R
expression was downregulated on their surface, whereas conventional T cells showed a high
level of IL-4R expression. Furthermore, the expression of GATA3, a master transcription factor
for Th2 cells,*’ was unaffected by CYLD-deficiency and its expression differed from that of
conventional Th2 cells. Our results then imply that the increased IL-4 production might be due to

a mechanism of action of CYLD in Treg cells distinct from that controlling IL-4 in conventional
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Th2 cells. In line with this notion, Scinderin expression was upregulated by the CYLD deficiency,
leading to an enhancement of the MAPK signaling pathway that induces IL-4 expression.

Scinderin has actin-severing activity, which promotes actin depolymerization like other
gelsolin family proteins, and plays a role in osteoclast differentiation and cytoskeletal
remodeling® and can regulate NF-kB and p38 MAPK signaling during osteoclast
differentiation.® *° It has been suggested that Scinderin plays a role in lymphocytes,*® and
serves as a potential biomarker or target for both acute and chronic asthma.® It is also evident
that Treg cells showed higher levels of Scinderin expression compared to conventional T cells *°,
though the function of Scinderin has not been explored. Interestingly, actin rearrangement is
associated with competitive survival by promoting cell polarity.** ** Moreover, actin dynamics
play a pivotal role in the formation of immunological synapses between TCR and pMHC
molecules,>® as well as intracellular Ca™/ERK phosphorylation®* >> during TCR signaling
indirectly implying Scinderin might participate in these processes. The noteworthy finding of the
present study is that Scinderin was able to regulate the intracellular signal transduction cascade
by promoting a protein-protein interaction network beyond the regulation of actin remodeling
(Fig E8). Scinderin promoted a MAPK signaling cascade required for IL-4 expression in Tregs,
while Scinderin expression was regulated by enhanced NF-kB activity that resulted from the
CYLD-deficiency. Our data suggests that Scinderin may serve as an adapter protein to recruit
several protein components in order to increase the efficiency of signaling and interaction
between ERK and MEK in the MAPK signaling pathway.

Our results together with those from prior studies imply that CYLD might provide a
potential target for therapeutic intervention of inflammatory diseases or infections. Since itis

25, 56

been well-known that CYLD mutation in humans causes several types of skin tumors and

57,58

CYLD also has an anti-inflammatory function in IBD patients, our findings suggest that

CYLD may regulate immune tolerance by regulating Treg function in humans. It has been
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reported that Tregs failed to suppress Th2 cells in asthma patients® and Tregs undergo Th2-
reprogramming in human food-allergic subjects.”® Human IL-4 producing Tregs shared a
phenotype with Th2 cells.®® These Th2-like Tregs showed higher chemotactic activity compared
to other Treg subsets, and conventional effector T cells, with increased expression of CCR4 and
CCRS8, and were enriched in skin tumors. As our preliminary data shows that CYLD knockdown
is able to upregulate IL-4 and Scinderin expression in human Treg cells (data not shown), this
indicates that CYLD may play an important role in Treg cells in humans. This also suggests that
it would be interesting to address the role of CYLD in Treg plasticity in type 2 immunity in

humans in the future.
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Figure Legends

Figure 1. CYLD deficiency in Foxp3™ T cells leads to the lung inflammation

A and B, Immunoblot for CYLD expression by Treg cells. Lysates were prepared from freshly
isolated CD4" YFP™ Treg and CD4" YFP™ T cells (A). Inducible Treg cells were activated with
anti-CD3/CD28 antibodies in the presence of IL-2 and TGF-B1 (B). C, The number of cells was
determined from 12 week-old Cyld"" Foxp3°® mice. D, Histology of lung. The lung sections of 8
month-old mice were stained with H&E. E and F, CD44 and CD62L expression from T cells was
assessed by flow cytometry. G and H, Foxp3 expression of CD4" T cells was analyzed by flow
cytometry after intracellular staining. I-K, Suppressive function of Treg cells during OVA-induced
airway inflammation (I). OVA-immunized mice were sensitized with intranasal injection of OVA
proteins in WT B6 mice. Either WT or KO Treg cells were sorted from spleens of OVA-
immunized WT or cKO mice, and then transferred into OVA-immunized recipient mice. Number
of cells was assessed from BAL fluid (J) and lung histopathology was examined after H&E stain
(K). Combined plots for C (n=5~7), F (n=8), H (n=7) and J (n=6~13) are shown. Error bars

indicate SEM. O0P<0.05, [11P<0.01, (11JP<0.001 (Mann-Whitney test)

Figure 2. CYLD™ Treg cells preferentially migrate into the lung

A and B, Expression of several key chemokine receptors from KO Treg cells at mRNA (A) and
protein (B) levels. Treg cells from spleen (A and B) and lung (B) were analyzed. C-F, A
schematic procedure of comparative Treg homing in vivo (C). After splenic WT and KO Treg
cells were labeled with CellTrace Violet and eFluor 670 respectively, both cells were co-
transferred into WT B6 mice. At 18 hrs after adoptive transfer, migration of Treg cells into
several organs was determined by flow cytometry (D). The absolute number of migrated cells (E)

and the relative homing index was normalized by the ratio between the numbers of KO and WT
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cells (F). Representative of at least three independent experiments are shown. Combined plots
for A (n=4), E (n=6) and F (n=6) are shown. Error bars indicate SEM. [JP<0.05 (Mann-Whitney

test)

Figure 3. CYLD controls IL-4 expression by Treg cells

A, Production of inflammatory cytokines by KO Treg cells. Sorted YFP™ Treg cells were
activated with anti-CD3 and anti-CD28 antibodies for 48 hrs. The amount of cytokines from
culture was examined by Bio-Plex. B, The mRNA expression of key cytokines was assessed by
gPCR. C and D, IL-4 and IFN-y expression in both Foxp3™ and Foxp3™ T cells was measured by
flow cytometry. Cells were activated with PMA and ionomycin for 3 hrs before intracellular
staining of Foxp3, IL-4 and IFN-y. CD4" T cells in the lung were analyzed by flow cytometry. E,
The expression of Ccr8 and 114 by Treg cells. YFP* Treg cells were sorted from spleen and lung.
Relative expression was determined by qPCR. F and G, IL-4 expression in female Cyld""
Foxp3™® mice. Both YFP* and YFP™ Treg cells were sorted from splenic CD4" CD25"%" Nrp-
1"9" cells (F). The expression was assessed by gPCR and flow cytometry (G). Representative
of at least two independent experiments are shown. Combined plots for A (n=3~5), B (n=4), D
(n=6), E (n=4), and G (n=3~6) are shown. Error bars indicate SEM. [0P<0.05, [11P<0.01; ns,

non-significant (Mann-Whitney test or Wilcoxon test)

Figure 4. CYLD-deficient Treg cells elevate protective immunity against N. brasiliensis
infection

A-C, N. brasiliensis infection in Cyld"™ Foxp3“® mice. The number of worms in the intestines (A)
and the egg number in feces (B) was examined at day 7 post infection. C, Histology of
peritoneal cavity. Cytospins of cells from peritoneal cavity were stained with modified Giemsa

Stain. Eosinophils were indicated by arrowheads. D-G, N. brasiliensis infection in 114~ Cyld""
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Foxp3“® mice. D, The number of worms in the intestines at day 7 after infection. E and F, The
absolute number of peritoneal CD45" CD11b"" Siglec-F* eosinophils. G, The absolute number
of IL-4" Foxp3* and IL-4" Foxp3™ T cells from mesenteric lymph nodes. H-M, A schematic
procedure of N. brasiliensis infection from tamoxifen-treated Cyld" Foxp3t¢F ¢ ERT2 mice (H). I,
Immunoblot of EGFP* and EGFP~ CD4" T cells after tamoxifen-treatment. J, The number of
worms in the intestines was measured. K and L, The number of eosinophils from peritoneal
cavity. M, The absolute number of IL-4" T cells from mesenteric lymph nodes. Combined plots
for A (n=18~19), B (n=12), D (n=4~5), F (n=4~5), G (h=4~9), J (h=5~6), L (h=5~6), and M
(n=5~6) are shown. Error bars indicate SEM. 0P<0.05, [(11P<0.01, [1T1P<0.001, [(1T11P<0.0001;

nd, non-detected (Mann-Whitney test or Wilcoxon test)

Figure 5. CYLD controls MAPK signaling pathway by regulation of Scinderin expression
A, Immunoblot analysis of phospho-MAPKSs, IkBa and phospho-p65 from splenic YFP* Treg
cells. B and C, IL-4 expression in Treg cells treated with inhibitors of MAPK or NF-kB pathways.
IL-4 expression was measured by gPCR (B) and flow cytometry (C). Both inhibitors were used
at 10 uM for IL-4 production. D, A volcano plot of microarray in CYLD-deficient vs. —sufficient
Treg cells. E and F, The expression of Scinderin by Treg cells was determined at the mRNA (E)
and protein (F) levels. G and H, Scinderin expression in Treg cells treated with inhibitors. I,
Scinderin interacts with MEK1/2. 293T cells were transfected with expression vectors for HA-
Scinderin, MYC-MEK1 or MYC-MEK2. The immunoprecipitates with anti-HA antibodies were
analyzed by immunoblotting with the indicated antibodies. J, The interaction of ERK and MEK
was promoted by Scinderin overexpression. 293T cells were transfected with expression
vectors, and lysates were immunoprecipitated with anti-FLAG antibodies. K and L, The effect of
shRNA knockdown for Scinderin in CYLD KO Treg cells. M and N, The effect of overexpression

of Scinderin in WT CD4" T cells by retroviral transduction. Sorted mAmetrine” YFP" cells or
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821  GFP”cells were activated with anti-CD3/CD28 for 15 min. Phosphorylation of ERK1/2 was

822  determined by flow cytometry (I and K) and IL-4 expression was examined by gPCR (J and

823  L).The efficiency of overexpression or knockdown was assessed by immunoblot. Combined

824  plots for B (n=6~8), C (n=4), E (n=7~8), G (n=4), H (n=8), K (n=5), L (n=4), M (n=6), and N (n=4)
825  are shown. Error bars indicate SEM. [0P<0.05, [(11P<0.01, (1T1P<0.001 (Mann-Whitney test or
826  Wilcoxon test)

827

828  Figure 6. Scinderin accounts for defective function of CYLD™

Treg cells

829  Analysis of Cyld"" Scin™ Foxp3“® mice. A and B, The expression of CD62L and CD44 of

830 splenic CD4" T cells was assessed by flow cytometry. C-E, The expression of IL-4 was

831  determined gPCR (C) and flow cytometry (D and E). Splenic YFP* Treg cells were sorted for
832  (PCR. For flow cytometry, lung CD4" T cells were activated with PMA and ionomycin for 3 hrs
833  prior to intracellular staining of IL-4 and Foxp3 (D) and the absolute number of IL-4" Foxp3* and
834  Foxp3 T cells were calculated (E). F and G, histological analysis of lungs from Cyld"" Scin™"
835  Foxp3“® double KO mice. The lung sections of 2 month-old mice were stained with H&E (F) and
836 the clinical scores were assessed (G). H and I, N. Brasiliensis infection in Cyld" Scin"™ Foxp3°®
837  double KO mouse. H, The number of worms in the intestines was examined at day 7 after

838 infection. I, The recruitment of eosinophils to the peritoneum was assessed. Representative of
839  atleast two independent experiments are shown. Combined plots for B (n=6), C (n=4~6), E

840 (n=3~5), G (n=3~6), H (h=9~11) and | (n=9~11) are shown. Error bars indicate SEM. (0P<0.05,

841 [1IP<0.01, (OTT1P<0.0001 (Mann-Whitney test)
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