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MCPIP1 controls allergic airway inflammation by suppressing IL-5-
producing Th2 cells through Notch/Gata3 pathway
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Abstract

Background: Asthmatic and allergic inflammation is mediatedTh? cytokines (IL-4, IL-5
and IL-13). Though we have learned much about ho@ dells are differentiated, the Th2
checkpoint mechanisms remain elusive.

Objectives. In this study, we investigate how monocyte chemwtataprotein induced
protein-1 (MCPIP1, encoded byc3hl2a gene) regulates IL-5-producing Th2 cell
differentiation and Th2-mediated inflammation.

Methods: The functions ofc3h12a’ CD4 T cells were evaluated by checking the expoessi
of Th2 cytokines and transcription factomsvivo andin vitro. Allergic airway inflammation
of zc3h12a”™ mice was examined with murine asthma models. Iritiadd antigen-specific
CD4 T cells deficient in MCPIP1 were transferredWd recipient mice, challenged with
OVA or HDM, and accessed for Th2 inflammation.

Results: Zc3h12a™ mice spontaneously develop severe lung inflammatioth an increase
mainly in IL-5- and IL-13-producing but not IL-4-@ducing Th2 cells in the lung.
Mechanistically, the differentiation of IL-5-prodang zc3h12a” Th2 cells is mediated
through Notch signaling and Gata3 independent o#.llGata3 mRNA is stabilizeth
zc3h12a” Th2 cells. MCPIP1 promotes Gata3 mRNA decay via Ridase domain.
Furthermore, deletion of MCPIP1 in OVA- or HDM-sgdec T cells leads to significantly
increased Th2-mediated airway inflammation in OVAI®DM murine models of asthma.
Conclusions: Our study reveals that MCPIP1 regulates the deweémt and functions of
IL-5-producing Th2 cells through Notch/Gata3 pathwdMCPIP1 represents a new

promising target for the treatments of asthma @hdrorh2-mediated diseases.

Key Messages

* MCPIP1 specifically inhibits IL-5/IL-13-producinghP cell differentiation and function.
 MCPIP1 suppresses the early differentiation of 4prdducing Th2 cells through Notch.
 MCPIP1 inhibits IL-5-producing Th2 development laygeting Gata3 and Th2 cytokine

transcripts for degradation.

Capsule Summary
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This study reveals that MCPIP1 regulates the deweémt and functions of IL-5-producing
Th2 cells through Notch/Gata3 pathway. MCPIP1 regmés a new promising target for the

treatments of asthma and other Th2-mediated disease

Key words
RNA-binding protein, MCPIP1, mRNA decay, Th2 cells;4, IL-5, IL-13, Gata3, Notch,

asthma.

Abbreviations

BALF (bronchoalveolar lavage fluid), EGFP (enhanced green fluorescent
protein), KO (knockout), WT (wild type), MCPIP-1 @nocytes chemoattractant induced
protein 1), MCP-1 (monocytes chemoattractant pndtgi FSH (forward scatter), HDM (house
dust mites),OVA (ovalbumin), P/l (PMA and ionomycin), Ab (antily), DLN (draining
lymph nodes), MFI (median fluorescence intensiy&E (hematoxylin and eosin), PAS

(periodic acid-Schiff).
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INTRODUCTION

The hallmark of asthma is bronchial hyperreacticiysed by Th2 cell dysregulatfoiTh2
cytokines initiate and maintain key pathophysiotagjifeatures of asthmatic inflammation,
with each cytokine exerting different functionstfire induction of inflammation®. IL-4 plays
a critical role in allergic sensitization and IgEoguctiorf” > IL-5 is crucial for eosinophil
survivaf' : and IL-13 plays a central role in the developmzrairway hyperresponsiveness
and tissue remodelifig. Expression of Th2 cytokines is controlled by s@iption factors
through multiple signaling pathways. Th2 cells ioeluype 2 immunity characterized by high
antibody titers and eosinophitfa® Th2 cells can also be induced by parasitic hetnstf
and are shown to associate with atopic diseasesgyland asthnta ' Though the network
of transcription factors required for activationdadifferentiation of Th2 cells are well
understootf® how Th2 development and Gata3 expression aretinelya regulated,
especially through posttranscriptional mechanismslargely unknown. Control of gene
expression at the posttranscriptional level isséefiaevent than transcriptional control because

of a direct targeting at the protein coding mRNAfie cytoplasit

Monocyte chemotactic protein induced protein-1 (NEZB encoded byc3hl2a gene was
initially discovered as the most highly induced mRBy monocyte chemotactic protein-1
(MCP-1) in human peripheral blood monocyfesVCPIP1 protein is highly expressed in
lymph node, thymus and spléérf> and rapidly induced in macrophages upon stinardati
with inflammatory stimuli, such as TNF, IL3land LP$>?". MCPIP1 inhibits the expression
of proinflammatory cytokines (IL-1, IL-6, and IL-1Dy binding to their 3'UTRs for mRNA
degradation. MCPIP1 is also named as Regnase-H lmwséts RNase activity. MCPIP1
reduction is required for T activatith Loss of MCPIP1 in CD4 T cells leads to severe
splenomegaly and lymphadenopathy, suggesting tita®IM1 is essential for inhibiting the
development of lethal autoimmune respofisée MCPIP1 functions through regulating
mRNA decay and affecting NEB signaling®> %> leading to reduced expression of
proinflammatory mediatof$ 32 Therefore, MCPIP1 is believed to be a key negativ
regulator involved in the control of inflammationcdamaintenance of immune homeostasis.

Mice deficient of MCPIP1 develop complex phenotypesluding autoimmune disorders,
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anemia and severe inflammatory respoffsé% In addition, it was recently reported that

MCPIP1 can degrade viral RNA and thus acts as adefense against virus infectfoi-.

MCPIP1 is also involved in controlling cytokineddirced endothelial inflammatidhand

inducing endothelial dysfunctidh Though MCPIP1 inhibits CD4 T cell activation and
0

cytokine productioff* * it is largely unknown whether MCPIP1 plays a rate Th2

development and Th2 inflammation.

In this study, we report thatc3hl2a’™ mice spontaneously develop severe airway
inflammation, with increased airway Th2 cells cdpatif producing large amounts of IL-5.
Zc3h12a” CD4" T cells are mostly effector T cells and produgmiicant amounts of 1L-5
and IL-13 but not IL-4. The early differentiatiorf t.-5-producing zc3h12a”™ Th2 cells
depends on Notch signal. IL-5-producimeph12a’ Th2 cells express high levels of Gata3,
and deletion of Gata3 by shRNA/lentivirus resulislli-5 reduction. MCPIP1 suppresses
Gata3 expression by promoting its mMRNA decay veaRNase domain. Moreover, deletion
of MCPIP1 in OVA- or HDM-specific T cells significdly increases Th2-mediated airway
inflammation in murine models of asthma. Transf!grzic3h12a"' CD4" T cells into congenic
CD45.1 mice induces severe Th2 inflammation andirmctation of Th2 cells in the airway
of the recipient mice. Our study reveals that MdPIfegulates the development and
functions of IL-5-producing Th2 cells through NotGata3 pathway. MCPIP1 represents a

new promising target for the treatments of asthnthather Th2-mediated diseases.
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METHODS
Mice

Zc3hl12a'"™ mice were provided bfpr. Pappachan E. Kolattukudy (University of Central
Florida, Orlando, FL). Homozygour3h12a’ mice were bred from zc3h1Zabreeding
pairs and genotyped with PCR by detecting exor64ygith a band of 300 bp indicating WT
and 500 bp for knockout. The primer sequences Vistesl in Table E1Zc3h12a’ mice and
wild type littermates were housed in pathogen-teeditions and used at 5-8 weeks old. The
CD45.1 congenic WT mice were used at age 6-12 webkksAll mice were on C57BL/6
background and housed in animal facility at Saiotiik University. All mouse experiments
were approved by Institution Animal Care and Usen@uttee of the Saint Louis University

(animal protocol#: 2443).

Invitro T cell differentiation

Naive CD4 T cells were purified by EasySep™ Mouse Naive CD4Cell Negative
Isolation Kit (Catalog#: 19765, Stemcell Techno&sji The purity of naive CD4 T cells was
up to 95%.Naive CD4 T cells were treated with plate-coateti-@®3 (2 pg/ml) and
anti-CD28 (2ug/ml) Abs under the following conditions for threlays. Thl conditions:
anti-IL-4 (10 pg/ml), I1L-12 (10 U/ml); Th2 conditions: anti-IFM-(10 pg/ml), IL-4 (20
ng/ml); Th1l7 conditions: IL-6 (50 ng/ml), TGF{1 ng/ml), IL-23 (20 ng/ml), anti-IL-4 (10
ug/ml), and anti-IFNy (10 ug/ml). Then, cells were rested in fresh medium witi? (1
ng/ml) for additional three days. On day 6, cellrevstimulated with PMA (50 ng/ml) and
lonomycin (0.5ug/ml) in the presence of Monensin (GolgiStop;d/wl) for 4 h for analysis

of cytokines and surface markers by flow cytometry.

MRNA stability

CD4 T cells were treated with plate-coated anti-CD3/8D%bs for 4 hours and then
stimulated with Actinomycin D (g/ml) and 5,6-dichlorobenzimidazole riboside (DRB,
ug/ml) for different times. CEM-Tet-on cells expregs WT or mutant MCPIP1 were
stimulated with Dox (100 ng/ml) for 24 hours, thesated by PMA and lonomycin for 3 h,
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and by Act D and DRB for different times. Total RblAvere collected and cDNA were used

to measure the remaining mRNAs for calculating-htdf

Murine models of allergic asthma

OVA (Sigma-Aldrich) was adsorbed onto Imject Aluadjuvant (Pierce) to a final
concentration of 500 pg/ml. Mice were immunized pp 100 ug of OVA-alum or 10ug
HDM extract Dermatophagoides pteronyssinus, Greer Labs) on day 0, and boosted with
OVA on day 7 and 14, or with HDM on day 14. One késer, mice were challenged by
intranasal injection (i.n.) of 2pg OVA or HDM extract in PBS per nostril daily favé days.
On day 26, mice were euthanized, and lungs weeslfigectioned and stained with H&E and
PAS. Cells from draining lymph nodes were stimwdateth OVA (0, 10, 50, 250 pug/ml) or
with HDM extract (30ug/ml) for 72 hours, and then supernatants wereectd for
measuring cytokines by ELISA. Splenocytes wereucatt with 200ug/ml OVA or 30ug of
HDM extract in the presence of 10 ng/ml recombinaouse IL-2 (eBioscience). After 72
hours, CD4 T cells were isolated and resuspended in PBS.%30@" T cells were injected
I.v. into recipient mice, followed by giving 50 | @VA or 50 ug of HDM extract i.n. daily for
five times starting on days 3. BAL fluid was colied one day after the last challenge for
assessment of inflammatory cell infiltration. Lusgctions were stained with H&E and PAS,
and examined for pathological changes (see additibtethods information in the Online

Repository).

Statistical analysis
Data were analyzed with Prism software 5.0 (GPauh). For standard data sets, an

unpaired two-tailed Studentdest was used.
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RESULTS
M CPI P1 deficient mice display severe Th2 inflammation in the airway

To test whether MCPIP1 deficient mice have airwaffammation, we stained lung
sections with H&E, found a significant accumulatioh inflammatory cells and airway
remodeling in the lungs afc3h12a’ mice compared to WT mice (Fig 1, A). There were
more mucin-positive cells (goblet-cell metaplasiajung epithelium ofc3h12a’ mice than
WT mice (Fig 1, B). Total number of cells in BAL reealso significantly increased in
zc3h12a” mice compared to WT mice (Fig E1), indicating asthenatic-like airway
inflammation inzc3h12a” mice. Since Th2 cytokines are critical for astimatflammation,
we measured the levels of Th2 cytokines in BAL atabd. IL-5 and IL-13 in serum (Fig 1,
C) and BAL (Fig 1, D) were much higherio3h12a’ mice than in WT mice, while IL-4 was
undetectable in both (data not shown). When cotigcBALF, we noticed a reduction in
“elastic recoil” of the lungs of MCPIP1 knockouteri Namely, we could hardly retrieve any
PBS after 0.7 ml of PBS was injected into lung$/&PIP1 knockout mice at the first time.
For the second flushing, we could only retrieve®.3 ml out of 0.7 ml of PBS. For the final
third flushing, we could retrieve 0.4-0.5 ml out@¥ ml of PBS. Altogether, we could only
retrieve about 30% of the total PBS used for BAlsHing, and most of it was from the last
flushing which contained the least levels of cyt@d among three BALF. We reason that the
excessive Th2 inflammation in the lungs of MCPIRbékout mice causes a reduction in
lung elastic recoil and an increase in airway petilgy, resulting in low levels of cytokines
in BALF of the MCPIP1 knockout mice. Neverthelesgen with the low levels of cytokines
in BALF, the levels of IL-5 and IL-13 in BALF werill significantly increased in MCPIP1
knockout mice compared to WT mice. The expressfaiuc5ac and Gob5 mRNA were also
increased in the lungs at3h12a’” mice (Fig 1, E). The increased IL-5 and IL-13 in
zc3h12a” mice compelled us to check Th2 cells. Much mor&4land IL-13-produing CD4
T cells were presented in the lungs mf3h12a’ mice than in WT mice; whereas
IL-4-producing cells were minimally increased ame tcells producing IFN-and IL-17A
were comparable (Fig 1, F). These data indicateMl@2PIP1 deficiency leads to an increase
in IL-5/IL-13-producing Th2 cells in the lung, wihiccould cause asthmatic-like airway

inflammation.
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MCPIP1 deficient CD4 T cells produce significant amounts of Th2 cytokines

In line with the role of MCPIP1 in preventing CD® cell activatior®, CD4" T cells
deficient in MCPIP1 displayed a significant increas effector T cells (CD62?_CD44‘")
compare with WT mice (Fig E2, A). CD4 and CD8 Tl civelopment were similar between
WT andzc3h12a’ mice (Fig E2, B). To test whethec3h12a’ CD4" T cells produce more
Th2 cytokinesin vivo, we stimulated splenocytes with PMA/lonomycin @ahdn measured
cytokine production. The percentages of IL-5- aRtl--producing effector CD4T cells
were increased irc3h12a’ CD4" T cells compared to WT CD4T cells (Fig 2, A). Similar
to lung CD4 T cells, splenizc3h12a’™ CD4" T cells also produced more IL-5 and IL-13 than
WT CD4 T cells when stimulated with PMA/lonomycin (Fig B&C). Interestingly, when
splenic CD4 T cells were activated with plate-bouanti-CD3/CD28 antibodies, the
production of IL-4, IFNy and IL-17 became comparable (Fig 2, Dhen, we tested the
responses of CD4T cells to different strengths of TCR signal. Magi IL-5 and IL-13
production byzc3h12a” CD4" T cells were induced even by low TCR signalingijlevh_-4
production was caught up by WT CD# cells and IFNy production remained comparable
(Fig 2, E and Fig E2, C). These data indicate trate becoming effector cells, WT and
zc3h12a’”™ CD4' T cells have similar capacity to produce cytokiegsept IL-5 and IL-13 that
are still overproduced imc3h12a’™ CD4" T cells. Indeed, IFN~producing cells were
comparable between WT ammd3h12a’ effector T cells, while IL-5-producing cells
remained increased @w3h12a’ cells (Fig E2, D). Taken together, these datacatei that
MCPIP1 specifically regulates IL-5/IL-13-produciit2 cells.

M CPIP1 regulates Th2 cytokine production in a cell-intrinsic manner

Zc3h12a” CD4' T cells produce significant amounts of Th2 cytokinehich might have
an autocrine effect on Th2 cytokine production. rfEfere, we cultured the WT and zc3h12a
CD4+ T cells at a ratio of 1:1 in the same wellagbthem first be exposed to the same levels
of cytokines. This setting will exclude the possikfffects of different levels of cytokines on
Th2 cytokine production in comparisons between Wid aKO cells. IL-5- and

IL-13-producing cells were significantly highero3h12a” CD4" T cells (CD45.2) than in
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WT CD4 T cells (CD45.9, whereas IL-4-, IFN~ and IL-17-producing cells were
comparable (Fig 3, A&B). Next we measured the mRMA$h2 cytokines and transcription
factors important for Th2 cell differentiation. Tn@lated transcription factor Gata3, IRF4,
and Gfi mMRNA were higher imc3h12a” CD4' T cells than in WT CD4T cells (Fig 3, C).
The master transcription factors important for TheElls (Rorc) and for Thl (Tbx21) and
Treg (Foxp3) cells were reduced and slightly insesbinzc3h12a’ cells, respectively (Fig 3,
C). The mRNA expression of Th2 cytokines (IL-4, 3Land IL-13) was increased in
zc3h12a”™ CD4" T cells, so as the expression of IFNend IL-17A mRNAs, while TGHB-
transcript remained unchangedziBh12a’™ CD4' T cells, compared to WT CD4 cells in
response to anti-CD3/CD28 stimulation (Fig 3, Dh &ddition, mRNAs encoding
costimulatory moleculesox40l and icosl) and chemokine receptorsc{3 and cxcr4)
associated with Th2 cells were also highly exprseerc3hl2a’™ CD4' T cells (Fig. E3).
Taken together, these data indicate an intrinsfeceffor MCPIP1 on Th2 cytokine

production, especially IL-5 and IL-13.

MCPIP1regulates | L-5-producing Th2 cell differentiation under unfavor able condition

To determine the effects of MCPIP1 on Th2 develept we differentiated naive CD4T
cells from zc3h12a™ mice and wild-type littermates toward Thl and Tdells, and then
assessed lineage-specific cytokines. Compared Wit cells, the percentages of
IL-4-producing CD4 T cells were increased im3h12a’ CD4" T cells under non-polarizing
condition, while this difference was abolished un@k2-polarizing condition (Fig 4, A-C).
However, naivezc3hl2a’™ CD4" T cells expressed much higher levels of IL-5 ahel3
under both non-polarizing and Th2 polarizing coiedis (Fig 4, B&C), indicating that naive
zc3h12a” CD4' T cells were programed to produce IL-5 and IL-b8®activated even under
unfavorable conditions. Indeed, higher levels eblUL-13 and GataBhRNA were detected
in zc3h12a™ cells than in WT T cells under unfavorable Thid dml17-polarizing conditions

(Fig 4, D).

To define the role of IL-4 for IL-5 production mm3h12a’ CD4" T cells, we respectively
added recombinant IL-4 and IL-4 neutralizing antipaluring expansion afc3h12a’ CD4"
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T cells, and found that neither adding IL-4 nor tngizing IL-4 had any effects on IL-5
expression (Fig 4, E&F). Neutralizing IL-4 inhibitehe expression of IL-4 and Gata3 in
non-IL-5-producingzc3h12a’ T cells (Fig 4, E&F), suggesting that IL-4 is metjuired for
the differentiation of IL-5-producingc3h12a’™ CD4 T cells. In addition, to confirm the role
of MCPIP1 in Th2 cytokine expression, we treated WA zc3h12a’ CD4" T cells with
MI-2, a specific inhibitor of MALT1 known to increa MCPIP1 levels by blocking its
degradatioff, and measured cytokine responses. Neither inogaSICPIP1 by MI-2
treatment nor deleting MCPIP1 affected IL-4 expi@ssn CD4 T cells (Fig E4, A), further
suggests the independence of MCPIP1 in IL-4 exmmesdncreasing MCPIP1 by MI-2
treatment inhibited IL-5 and IL-13 expression in \ED4' T cells but not irec3h12a” CD4

T cells (Fig E4, B&C). These data further indicétat MCPIP1 selectively regulates the
development of IL-5/IL-13-producing Th2 cells buwtnhe IL-4-producing Th2 cells.

Notch signaling mediates the initiation of IL-5-producing Th2 cells by MCPIP1
deficiency

Notch-mediated Th2 cell differentiation and Th@niunity’>“° are also IL-4 independent.
Notch signaling is initiated by binding of Notchgdinds to its receptors. There are five
mammalian Notch ligands, three of which belonghi® Delta-like family (DLL1, DLL3 and
DLL4) and two belong to the Jagged family (Jagl aag2}'. We found that the expression
of Jagl, Jag2 and DLL4 were increased in nai@h12a’ CD4" T cells compared with WT
T cells (Fig 5, A). To determine whether Notch sifymg is involved, we pretreated naive
zc3h12a’” CD4" T cells with GSI, ay-secretase inhibitor that blocks cleavage of théchlo
intracellular domain (NICD) from the membrane, stlated the cells with anti-CD3/CD28
antibodies, and then measured Th2 cytokines. Iind l&-4 production were significantly
inhibited while IFNy production enhanced after blocking Notch signalnygGSl (Fig 5,
B&C), demonstrating the involvement of Notch patgwan MCPIP1-mediated Th2
inhibition. Next, we tested whether Notch signalisgrequired for cytokine production in
effector T cells. We purified total CDA cells (most are effector cells) frazoh12a’ mice,
added GSI, and then measured Th2 cytokines and@ltackade of Notch pathway did not

affect IL-5 and IL-4 production as well as Gatapmssion irzc3h12a’ effector CD4 T cells
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(Fig 5, D and Fig E5, A). Furthermore, we co-cudtlitotal WT andc3h12a’ CD4' T cells
in the same wells with or without GSI. BlockadeMdtch signaling by GSI inhibited the
production of IL-4 and 1L-13 in WT CDA4T cells but not inec3h12a’™ CD4' T cells, while
IL-5 production was not affected by GSl4c8h12a” CD4' T cells. (Fig 5, E and Fig E5, B).
These data indicate that Notch mediates the imtiatbut not the maintenance of

IL-5-producing Th2 cells with MCPIP1 deficiency.

MCPIP1 targets Gata3 to control IL-5 production by Th2 cells

Since Gata3 is the master transcription factoiTfi2 cell development, we checked Gata3
mean fluorescence intensity (MFI) and found thataGgprotein was highly expressed in
zc3h12a” CD4" T cells compared to WT CD4 cells (Fig 6, A). Based on Gata3 levels, we
divided zc3h12a” CD4" T cells into three populations, Gatagata3d" and Gata3. Gatad'
cells produced higher levels of IL-5 than GdtAand Gata3” cells (Fig 6, B). To confirm
whether Gata3 accounts for IL-5 overproductionziBhl12a” CD4" T cells, we knocked
down Gata3 with Gata3-shRNA/lentivirus and founattiGata3 knockdown resulted in
reduced IL-5 expression in a dose-dependent mgRkige6, C and Fig E6, A), indicating that
Gata3 mediates IL-5 production m3h12a’ T cells. In addition, we generated a human T
cell line (CEM) with an inducible MCPIP1 expressioret-On system. Addition of
Doxycycline (Dox) dose-dependently induced GFP/MZIPfusion protein expression in
CEM/MCPIP1-Tet-On cells (Fig E6, B). As a consequegrthe expression of Gata3 protein
(Fig 6, D) and mRNA (Fig 6, E and Fig E6, C) wadueed significantly. Since MCPIP1 is
an RNasé®, we measured the half-life of Gata3 mRNA and fothat the half-life of Gata3
mRNA was increased ire3h12a’ CD4' T cells compared to WT CDA cells (Fig 6, F) and
decreased in CEM/MCPIP1-Tet-On cells after indud#@PIP1 (Fig 6, G). The Th2-related
transcription factor IRF4 mRNA was also stabilizethd STAT6 mRNA unaffected in
zc3h12a”™ CD4' T cells (Fig E6, D). These data indicate that MEPinhibits Gata3 mRNA

expression through promoting its mRNA decay.

Fully differentiated Th2 cells expressed highelevof Gata3 and low levels of MCPIP1
(Fig E6, E). To test whether MCPIP1 binds to GataRNA, we purified the
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MCPIP1-binding complex with anti-MCPIP1 antibodprn cytoplasmic extracts of the Th2
cells and then detected the bound mRNAs by RT-PCé&mnpared with controls, Gata3
MRNA was enriched in the mRNAs pulled down withiad€PIP1 antibody (Fig E6, F),
indicating a direct binding of MCPIP1 to Gata3 mRN¥ext, we transfected a Gata3 3'UTR
luciferase construct into CME-Tet-On cells, indudgilCPIP1 by adding dox, and then
measured luciferase activity. Induction of MCPIRp@messed luciferase activity (Fig 6, H),
demonstrating that MCPIP1 promotes Gata3 mRNA déwaugh 3'UTR. As illustrated in
Fig E6, G, there are several domains in MCPIP1emmotTo determine which domain
mediates Gata3 mMRNA decay, we generated CEM-Tett@lnle clones expressing several
MCPIP1 mutants, transfected the Gata3-3'UTR luaser construct into these stable
CEM-Tet-On cells, and then induced their expresbypadding Dox and measured luciferase
activity. Induction of both WT MCPIP1 and mutant RIP1 except the mutant D141N
inhibited luciferase activity (Fig 6, ). We alsoeasured the levels of Gata3 mRNA in
CEM-Tet-On cells after adding Dox. Consistent wilie luciferase results, both WT and
mutant MCPIP1 except the mutant D141N inhibited #medogenous Gata3 mMRNA
expression (Fig E6, H). The expression of Gata3eprodisplayed similar patterns after
expressing WT and mutant MCPIP1 (Fig E6, I). TdHear confirm whether mutant D141N
mediate Gata3 mMmRNA decay, we measured half-life Gata3 mRNA in the above
CEM-Tet-On cells. The half-lives of Gata3 mRNA westgortened in cells expressing WT
MCPIP1 but not in cells expressing the D141N mdhtg E6, J), indicating that the RNase
domain is required for Gata3 mRNA degradation by L. Taken together, these data
demonstrate that MCPIP1 via RNase activity destads| Gata3 mRNA, therefore inhibits
IL-5 and IL-13 production by CD4 T cells.

MCPIP1 deficiency in CD4 T cells enhances Th2-mediated inflammation in
allergen-induced asthma models

To determine the physiological consequence of NPCHnediated Th2 inhibition, we
immunized WT andzc3h12a’”™ mice with OVA mixed with adjuvant aluminum hydradi,
and then challenged them with intranasal OVA (Fig\Y. One day after the last challenge,

we stained lung tissue by H&E and PAS. ComparedVib mice, there were increased
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infiltrating inflammatory cells and mucin-positiveells (goblet-cell metaplasia) in lungs of
the zc3h12a” mice (Fig E7, A&B). Effector CD4 T cells were also increased after
OVA-immunization and challenge in both mice (Fig,EZ). In addition, IL-4- and
IL-5-producing effector CD4 T cells were highly neased in the lungs at3h12a’ mice
compared with WT mice (Fig E7, D). In line with thesults shown in Fig 2, Dxc3h12a”
CD4" T cells expressed higher IL-5 and 1L-13 but no#lthan WT CD4 T cells in response
to OVA stimulation in vitro (Fig E7, E). These data indicate that MCPIP1 iithib
OVA-specific CD4 T cell responses vivo, through down-regulating allergen-specific Th2

inflammation mediated by IL-5 and IL-13.

To define whetherc3h12a’™ Th2 cells are pathogenic, we first expanded OVAetfic T
cells by culturing splenocytes from the above OVWiwunized mice with OVA and IL-2.
The OVA-specificzc3h12a’ CD4' T cells secreted large amounts of IL-4, IL-5 ahel8 in
response to OVA stimulation, while IFNproduction was reduced (Fig 7, B). Next, we
purified the OVA-specific CD4 T cells and transferred them intravenously intagamic
CD45.T recipient mice. Three days after T cell transfecjpient mice were challenged with
OVA for 5 days and then analyzed. Mice that reagi@¥A-specificzc3h12a’ CD4" T cells
displayed an increase in infiltrating immune celigl inflammation in the airways compared
to mice received WT OVA-specific CD4 T cells (Fig, ©). Lung eosinophils
(CD11b'SiglecF) were also increased in the mice receiving OVAeifiiezc3h12a’™ CD4 T
cells compared with mice transferred with OVA-sfiedVT CD4 T cells (Fig 7, D and Fig
E7, F), indicating thazc3h12a”™ CD4 T cells are pathogenic and can induce astoriké
airway inflammation. Analyses of Th2 cytokine tramgts revealed that IL-5 and IL-13 but
not IL-4 mRNA were increased in the lungs of theenieceiving OVA-specifiec3h12a’
CDA4 T cells (Fig 7, E). The purity of donor cellasvconfirmed by checking CD3 and CD4
expression gated on CD45.1 and CD45.2 (Fig E7,IiGxddition, zc3h12a’ donor CD4 T
cells displayed enhanced proliferation and effeqgbenotypes (Fig 7, F), and produced
increased IL-5 and IL-fh vivo (Fig 7, G).

Furthermore, we tested the effectsze8h12a’ CD4 T cells with physiopathologically
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relevant house dust mite extracts (HDM)c3hl2a™ mice and WT littermates were
sensitized and challenged with HDM as illustratedrig 8, A. Lung inflammation and PAS
positive cells were increased i3h12a’ mice compared to WT mice (Fig 8, B). We next
expanded HDM-specific CD4 T cells with HDM and Il.-&@nd checked the HDM-specific
responseszc3hl2a’”™ CD4' T cells produced significantly more IL-5 and IL-i#8an WT
CD4" T cells in response to HDM stimulation (Fig 8, (hen, we transferred the
HDM-specific CD4 T cells into WT B6 mice and challenged them witBM. The mice
receiving the HDM-specificzc3h12a”™ CD4" T cells displayed more severe lung
inflammation and more PAS positive cells than theentransferred with WT cells (Fig 8, D).
The expression of IL-5 and IL-13 were also increélase lungs of the mice received KO
HDM-specific CD4 T cells (Fig 8, E). Taken togeth#re results of the HDM model are
consistent with the OVA model, indicating that CDD£ells deficient in MCPIP1 exaggerate

type 2 biased immune responses and cause Th2 m#son in the airway.
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DISCUSSION

We provide several lines of evidence identifyM@PIP1 as a major negative regulator for
Th2 cell differentiation and effector function, esally IL-5/IL-13-producing Th2 cells. We
discovered enhanced IL-Bh2 differentiation and airway inflammation in MG deficient
mice. Mechanistically, we identified Notch pathweyd Gata3 as critical targets of MCPIP1
for regulating IL-5/IL-13-producing Th2 cell dev@lment. CD4 T cells are polarized and
differentiated into IL-5-producing Th2 cells in tabsence of MCPIP1. MCPIP1 also directly
targets Th2 cytokines for mRNA decay (data not sijowhe preferential differentiation of
naivezc3hl2a’ CD4 T cells towards Th2 but not Th17 or Treg cadlsitro may be due to
targeting several key transcription factors impatrtbor Th2 cell differentiation, including
Gata3, Gfi, and Irf4. The mRNAs of Rorc, Tbx21 arakp3 were not altered significantly in
zc3h12a” CDA4T cells. IL-4 is a key cytokine for Th2 differertiian. T cells deficient in
MCPIP1 lead to IL-4 overproduction that might haae@ autocrine effect on Th2
differentiation. However, we found that neutralgih-4 only inhibited IL-4 expression and
had no effects on IL-5 expressionzt8h12a’ CD4 T cells, indicating that the development
of IL-5-producingzc3h12a™ Th2 cells is independent of IL-4. MCPIP1 also &sgCOS and
OX40?® which have been shown to be important for Th2 edéftiatio” *3 Most
importantly, our data show that MCPIP1 directlygtets the Th2 specific transcript factor,
Gata3. Naive T cells express low levels of Gataided by TCR and IL-4R Zheng and
colleague¥ show that Gata3 was present in naive CD4 T celtsiacreased during Th2
development and extinguished during Thl developmé&atta3 can be induced by both
IL-4-dependent and independent WayMCPIP1-deficient CD4T cells express high levels
of Gata3 even under non-polarizing conditions, ¢gatihng that MCPIP1 is critical for naive
CD4 T cells to maintain their non-polarized phepety. When the levels of MCPIP1 are
reduced, CDJZ cells are more likely to polarize and differetdianto IL-5-producing Th2
cells, leading to Th2-associated inflammation. Ty@p@nate lymphoid cells (ILC2) share
many features wittec3h12a”™ Th2 cells and also produce IL-13 and %% ILC2 is
regulated by Gata3 and plays an important roldléngic airway inflammatioff™°. It will be

of interest to see whether MCPIP1 regulates ILC&els



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

17

The Notch pathway is important in Th2 cell diffatiation and activatioh™>
Notch-mediated Th2 cell differentiation and Th2 iomity*®“° are quite similar to the effects
of MCPIP1 on IL-5/IL-13-producing Th2 cells, namébpth are independent of IL-4 and
STATG6 (data not shown). Blockade of Notch signalimigibits Th2 cytokine production only
in naive but not in effectorc3h12a”™ CD4 T cells, suggests that Notch signaling only
controls the initiation of Th2 cell differentiatiomediated by MCPIP1. Since GSI blocks
NICD cleavage from the membrane, it suggests tganhdl-receptor interaction upstream of
the intracellular Notch pathway mediates the effemit MCPIP1 on Th2 cells. Indeed, the
expression of Notch ligands, Jagl/2 and DLL4 wemeaased in MCPIP1-deficient CD4 T
cells (Fig 5, A), suggesting that Jagl/2 and DLLdynmvolve in activation of surrounding

zc3h12a” CD4 T cells to attain the Th2 phenotype.

Several studies reported that MCPIP1 proteinléenveT cells were decreased in response
to anti-CD3/CD28 antibody stimulatith®* The degradation and cleavage of MCPIP1 were
abolished in the presence of a Maltl protease itohjlas well as in Bcl10 or Maltl deficient
CD4' T cells, indicating that MCPIP1 is cleaved by Mé&itlinhibition of Maltl activity
leads to reduction of IL-5/IL-13 expression in WDET cells, but not irec3h12a’” CD4 T
cells, indicating that Maltl/MCPIP1 axis mainly tgtes the development of
IL-5/IL-13-producing Th2 cells. IL-5 expression known to be more dependent on the
expression levels of Gata3 than 124" In T cell transfer experiments, MCPIP1-deficient
Th2 cells were capable of causing enhanced airwgmmation and accumulation of Th2
cytokine-producing cells with a memory phenotype.wias reported that treatment of
MCPIP1 deficient mice with antibiotics increasedvstal and reduced mRNA levels of
inflammatory cytokine¥, suggesting a role of microbiota in MCPIP1-mediatélammation.
MCPIP1 selectively targets the mRNAs encoding Th#Zoline IL-5 and IL-13 for
degradation (data not shown). Why MCPIP1 selectitaigets specific cytokines, especially

those associated with Th2 cell differentiation &mtttion needs further investigation.

Though the role of Gata3 in regulating Th2 cybels is well establishéyl the mechanisms

that suppress Gata3 expression have not beendeflged. Gata3 can be induced through
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TCR, IL-4R/ISTAT6, IL-2R/STAT5 and Notch signalinguihg Th2 differentiation. Our
work reveals high levels of Gata3 in3h12a’” CD4 T cells, and MCPIP1 promotes Gata3
MRNA decay via the RNase domain. We provide strevigence indicating that MCPIP1
directly regulates Gata3 by binding to its 3'UTR foRNA destabilization. Blonska et®al
showed that CARMAL up-regulates Gata3 on the trgrismnal level independent of NkB
activation. Given the fact that MCPIP1 is cleaved Maltl, up-regulation of Gata3 by
CARMA1 may involve in cleavage of MCPIP1 by the CMR1-BCL10-MALT1 complex.

Based on our results, we propose the followingleh@f Th2 cell development regulated
by MCPIP1. MCPIP1 inhibits Th2 cell development lbynding to the mRNAs encoding
multiple Th2 transcription factors, including Gata®d by inhibiting Th2-associated Notch
signaling. Upon T cell activation, MCPIP1 level isduced and therefore releases its
suppression on Th2 transcription factor and Notathyway, which allows Gata3 to bind to
the IL-5 and IL-13 gene loci, resulting in IL/A.-13"Th2 cell differentiation. Meanwhile,
Reduction of MCPIP1 increases the mRNA stabilityleb and IL-13. Combination of the
increased Th2 differentiation and Th2 cytokine $a@ipts leads to enhanced Th2
development and Th2 effector function. Thereforeategies that increase the levels of
MCPIP1 will inhibit IL-57/IL-13"Th2 cell differentiation and effector function, uéting in

suppression of Th2-mediated inflammation.
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FIGURE LEGENDS

Fig 1. Zc3h12a™ mice develop asthmatic airway inflammation witbrigased IL-5 Th2 cells.
Lung tissue sections were stained with H&&) and PAS(B) (n=4). Cytokines in sergC)
and in BAL (D) were measured by ELISA (3-4 mice in each gro(p).Muc5ac and Gob5
MRNA expression in lung tissues were measured by-BR (n=3).(F) Intracellular
cytokine staining in lung infiltrates gated on CDRBcells and the summary of 3-5 mice per

group. *:p< 0.05, ***: p< 0.001.

Fig 2. Cytokines are overproduced Zzo3h12a”™ CD4 T cellsin vivo. Frequency of cytokirle
and CD44 splenic cells gated on CD4 after stimulation wiRH (A and B) (n=5). (C)
Summary of cytokine-expressing cells as shown n({Bree independent experiments with
3-6 mice per group)(D) Intracellular cytokine expression in tot@D4 T cells after
stimulation with anti-CD3/CD28 Abs for 4 days, iagtfor 2 days and then re-stimulation
with P/l (6 mice per group)E) Total CD4 T cells were stimulated by anti-CD3 Ab with or
without anti-CD28 Ab for 48 h and supernatants wesed to detect cytokines by ELISA (3
mice per group). *p< 0.05, **: p<0.01, ***: p< 0.001.

Fig 3. Loss of MCPIP1 leads to enhanced Th2 cytokineystan in a cell-intrinsic manner.
Naive WT (CD45.1) and zc3h12a’”™ (CD45.7) CD4" T cells were co-cultured with
anti-CD3/CD28 Abs in the same well for 3 d, resi@d3 d with IL-2, and then treated with
P/l for 4 h. Numbers in outlined areas indicatefbecentages of cytokine-producing c€A9
and a summary of 3-4 mice per gro(B). (C) The mRNA expression in naive WT and
zc3h12a2” CD4' T cells stimulated with anti-CD3/CD28 Abs for JmE3). (D) The mRNA
expression of cytokines in naive WT azd3h12a2” CD4" T cells stimulated with
anti-CD3/CD28 Abs for 3 days, rested for 3 daysl smstimulated with P/l for 4 h (n=3). *:
p< 0.05, **: p<0.01, ***: p< 0.001.

Fig 4. Loss of MCPIP1 results in enhanced [{F5cell development under unfavorable
conditions. Intracellular cytokines were stainedniaive WT andzc3h12a’ CD4™ T cells

under ThO, Thl, or Th2 polarizing conditionA and B). The percentages of
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cytokine-producing CD4 T cell¢C) and the mRNA levelgD) as in (A and B) were
measured and summarized (n=3) Naive z3h12a” CD4" T cells were stimulated with
anti-CD3/CD28 Abs with anti-IL-4 (20 ng/ml), mediymr recombinant IL-4 (10 ng/ml), and
stained for Gata3, IL-4 and IL-5 after P/l treatmdor 4 h. (F) A summary of three

independent experiments as in (E) was showp<0.05, **: p<0.01, ***: p< 0.001.

Fig 5. Notch signal is required for the initiation of Il-gFoducing Th2 cells mediated by
MCPIP1.(A) The mRNA levels of Notch ligands naive WT andc3h12a2” CD4 T cells
stimulated with anti-CD3/CD28 Abs were measured|RY-PCR (n=3)(B) Naive z3h12a™
CDAT cells were treated with GSI and anti-CD3/CD28 Adas3 days, and then stained for
Gata3, IL-4 and IL-5 (n=3).C) A summary of three independent experiments aB)Jwas
shown.(D) Totalzc3h12a™ CDAT cells were treated with GSI and anti-CD3/CD28 Adys3
days and then stained for Gata3, IL-4 and II(E5. Total CD4 T cells of WT (CD452and
zc3h12a” (CD45.2) mice were cultured in the same well at 1:1 ratith anti-CD3/CD28
Abs and GSI for 3 d, rested for 3 d, and then dtwed by P/l for 4 h. Cytokine-producing
cells were measured by FACS gated on either CD48c3h12a’") or CD45.2 cells (WT). *:
p< 0.05, **: p<0.01, ***: p< 0.001.

Fig 6. MCPIP1 promotes Gata3 mRNA dec#:) Gata3 was measured in naive WT and
zc3h124 CD4' T cells stimulated with anti-CD3/CD28 Ab@®) IL-5 in zc3h12& CD4' T
cells was measured in groups based on Gata3 levigls:(up); intermediate (middle); and
low (low) and summarizedC) Zc3h124 CD4 T cells were transduced with Gata3/lentivirus
or scramble/lentivirus and the percentages of Gaiad IL-5 were measured by FAC®D)
Gata3 and GFP CEM-MCPIP1-Tet-on cells were measured after Deatinent (100 ng/ml).
(E) Gata3 and MCPIP1 mRNA levels in CEM-Tet-on cellsrevmeasured after treatment
with different amounts of DoxF) CD4 T cells were stimulated with anti-CD3/CD28 Abs
for 4 h, and then added ActD and DRB. Remaininga@amRNA was measured at different
times. (G) CEM-Tet-on cells were treated with and without O@A@00 ng/ml) for 24 h and
then added ActD and DRB. The remaining Gata3 mRN#s weasured as in (F). Gata3

J'UTR luciferase reporters or empty vector (Contragre transiently transfected into
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CEM-Tet-On cells expressing WT MCPIRH) or expressing mutant MCPIRL), and then
added Dox. Luciferase activity was determined ilh lgsates (n=3). *:p< 0.05, **: p<0.01,

***: p< 0.001.

Fig 7. Zc3h12a” CD4 T cells cause increased Th2 cell-mediatechdisgA andB) Zc3h12a”
mice and WT littermates were sensitized and thetleringed by OVA and sacrificed on day
26. Cells isolated from DLN were stimulated wittifelient amounts of OVA for 72 h and
cytokines in the supernatants were measured by AhS3). (C) CD45.1 recipient mice
were transferred with OVA-specific CD4 T cells as(B) and then challenged daily with
OVA for 5 times. H&E-stained lung sections of thecipient mice were shown and
inflammation was scoredD) The percentages of eosinophil and neutrophil ir_B®A the
CD45.T recipient mice after T cell transfer were gatedSiglecF and Ly6G (n=3)XE)
MRNA levels in lungs of the recipient mice were swad by qRT-PCR (n=3)F) The
percentages of CD4@D45.1 (donor) CD4 T cells were measured in the CD4%Betipient
mice. (G) Intracellular IL-5 and IL-4 in thdonor cells were stained as in (F) gated on CD44

(n=3). *: p< 0.05, **: p<0.01, ***: p< 0.001.

Fig 8. HDM-induced Th2 inflammation is increasedzr8h12a’ mice.(A) Zc3h12a” mice
and WT littermates were sensitized and then chgdldroy HDM.(B) Mice were sacrificed
on day 26. Lung sections were stained with H&E &A®b and inflammation was scored
(n=3). ) Cells isolated from DLN as in (B) were stimulatedh HDM for 72 h. IL-5 and
IL-13 in supernatants were measured by ELISA (n€3). WT B6 mice were transferred
with HDM-specific CD4 T cells as in (C) and themsiized with HDM. Representative
H&E- and PAS-stained lung sections were shown fthenrecipients received HDM-treated
WT or zc3h12a’ cells and inflammation was scored (five mice eaaup). €) Cells from
lungs of the recipient mice as in (D) were stimedhtvith P/l for 4 h and then RNA was
extracted to measure mRNAs by qRT-PCR (n=3p<*0.05, **: p<0.01, ***: p< 0.001.
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SUPPLEMENTARY METHODS

Antibodies and flow cytometry

For surface staining, cells were stained at 4r°@e presence of Fc Block (2.4G2; BD
Biosciences) in flow cytometry buffer (DPBS plus 26S). After staining surface markers,
cells were fixed and permeabilized for intraceltutgtokine and transcription factor staining
according to the manufacturer's instructions (BlDsBiences). Antibodies used for surface

and intracellular staining were listed in the seppéntary Table 2.

T cell lentiviral transduction

The lentiviral vector Gata3-shRNA and scramblB{§SA were purchased from Sigma.
Lentivirus was produced in HEK293T cells. CD#% cells were stimulated for 24 h with
plate-bound anti-CD3 Ab (0.5 pug/ml) and then tramsd with virus-containing medium
supplemented with polybrene (8/ml). 20 hours later, culture medium was replaced with
complete medium with anti-CD3 Ab (0.5 pg/ml) fordays, rested for 2 days and then

stimulated with PMA and lonomycin for 4 hours fatracellular staining.

T cell stimulation

Mouse CDZ T cells were negatively purified and activated gdgte-coated anti-CD3 (1
ug/ml) and anti-CD28 (lug/ml) Abs for 72 h in complete cell medium (RPMID§4
supplemented with 10% heat-inactivated FBS, 2 mMtaghine, penicillin-streptomycin,
nonessential amino acids, sodium pyruvate, 10 mNPHEE and 5QuM 2-mercaptoethanol,
then expanded for another 3 day in fresh mediuntaoeing 1 ng/ml recombinant mouse
IL-2. In some experiments, cells cultured for 3 sland supernatants were collected for

measuring cytokines by ELISA assay.

For isolation of infiltrating cells from lungsurigs were minced and digested in 5 ml of
RPMI1640 media plus 10% FBS with 2p§/ml collagenase IV (Roche) and 30 U/ml DNase
| (Sigma-Aldrich) for 60 min at 37 °C with shockin@ells were passed through a -
strainer and spin down. The cell pellet was resudpe in 40% Percoll, carefully layered

onto 80% Percoll and centrifuged at @hQvithout brake, RT for 30 min, then collected the
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layer in the interface between the two Percoll emtiations. Cells were washed with PBS
before red blood cells were lysed with ACK lysidfbu Cells were counted and 2 x°itells
were activated with PMA and ionomycin for analysfsintracellular cytokines and surface

markers by flow cytometry.

Tet-On System

Wild-type or mutant MCPIP1 (D141N, C306R, D225A2 expressing CEM Tet-on cells
were generated as described previoudifie cells were cultured for 24 hours with Dox@10
ng/ml) and then treated with PMA (10 ng/ml) anddorycin (0.5 pg/ml) for 4 hours. Total
RNA was isolated and used to measure gene expne$o western blot, CEM Tet-On cells

were treated with Dox (100 ng/ml) for 48 h and thesed.

Luciferase assay

CEM-Tet-on cells were transfected with luciferasporter plasmid containing thé 3TR
of Gata3 using Nucleofector (Lonza). MCPIP1 expression imdsiced by Dox (100 ng/ml).
Cells were lysed after 24 hours and luciferasevigigtin lysates was determined with

Dual-Luciferase Reporter Assay system (Promega).

Quantitative RT-PCR

Quantitative PCR was performed with SYBR greewiftogen, Life Technologies) using
an Applied Biosystems StepOne PCR system. Resudte analyzed withACT method
with glyceraldehyde-3-phosphate dehydrogenase (GAPBs an endogenous reference

control. Primer sequences are listed in supplemgtaalel.

ELISA

Cell culture supernatants were assayed by ELt8Anouse IL-4, IFNy (BD Biosciences),
IL-5 and IL-13 (eBioscience), according to the mfaeturers' instructions.
RNA Immunopr ecipitation

Th2-polarized cell lysates were prepared from Wi€e after 6 d ofn vitro polarization.

Cell lysates were prepared in NT-2 buffer (50 mindlfis-HCI, pH 7.4, 150 mmol/L NacCl,
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1 mmol/L MgCh and 0.05% NP-40) supplemented with 1 mmol/L ditimeitol, 0.25 U/mL
RNase out and 1x protease inhibitor and incubatedce for 10 min. Cell lysates were
obtained after high-speed centrifugation at 15,0@r 15 min. Equal amounts of lysates
were used for immunoprecipitation with MCPIP1 aatlp and IgG1 control. Anti-MCPIP1
Ab or IgG1 were pre-coated onto protein A Sephabesels and incubated with cell lysates.
Protein A Sepharose beads were then washed witl2 Huiffer and incubated with 20 U
RNase-free DNase | (15 min, 30°C) and further iradet in 10QuL NT-2 buffer containing
0.1% SDS and 0.5 mg/mL proteinase K (30 min, 559 total RNAs were isolated by
adding Trizol reagent (Invitrogen) to the beads qudntitative PCR (qPCR) was performed
to measure GAPDH and GATAS3.

Histological analysis

Peribronchiolar and perivascular inflammation eveletermined by a semiquantitatively
graded scale as follows: 0, no inflammation; 1 dnmiflammation; 2, moderate inflammation;
3, severe inflammation. Goblet-cell hyperplasia &asessed as follows: 0, no or rare PAS
cells; 1, <10% PAS cells observed at a magnification of x10; 2, 1042BAS cells
observed at a magnification of x10; and 3, >25% PéglIs observed at a magnification of
x4, A composite score was determined by multiplkicatof the graded score and the

frequency of airways or vessels with a given patpighal finding. All slides were examined

in a random order and scored by a blinded pathsiogi
References
1. Liu S, Qiu C, Miao R, et al. MCPIP1 restricts\MHhfection and is rapidly degraded in

activated CD4+ T cell$roc Natl Acad Sci U SA. Nov 19 2013;110(47):19083-19088.

2. Yang Y, Ahn YH, Gibbons DL, et al. The Notch digd Jagged2 promotes lung
adenocarcinoma metastasis through a miR-200-depempdghway in miceJ Clin Invest.
Apr 2011;121(4):1373-1385.
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FIGURE LEGENDS

Fig E1. Cell subsets in BAL ofc3h12a’ mice. Total number of cells in the BAL of WT and

Zc3h12a” mice were counted and summarized (3-4 mice pemgrd: p< 0.05.

Fig E2. Effector CD4 T cells are increased in spleerza8h12a’ mice.(A) The expression

of CD62L and CD44 in CDA4T cells of WT andzc3h12a’™ mice were measured by flow
cytometry and summarized (n=3B) Percentages of CD8 and CD4 T cells in spleens of
zc3h12a’”™ mice and WT littermates were gated on CD3 (n£®). The levels of IL-5 and
IL-13 in culture supernatants of splenic CDR cells were measured by ELISA after
stimulation with anti-CD3/CD28 Abs (1 pg/ml) forfidirent times (n=3)(D) Splenic cells
were stimulated with P/l for 4 h and the percergagIL-5" and IFNy" CD4cells were
measured by flow cytometry gated on CD4d=4). *: p< 0.05, **: p<0.01, ***: p< 0.001.

Fig E3. Gene expression profiles mf3h12a” CD4 T cells. The mRNA levels of Th2-related
genes were measured by gqRT-PCR in naive WT litternaad zc3h12a” CD4 T cells
stimulated with anti-CD3/CD28 Abs for 3 days (n=8)p< 0.05, **: p<0.01, ***: p< 0.001.

Fig E4. IL-5 and IL-13 expression depend on MCPIP1 in CDdells.(A-C) WT littermate
andzc3h12a’ CD4" T cells were pretreated with or without Malt1-sifiednhibitor MI-2 (1
uM) for 30 min and then stimulated with anti-CD3/Z8 Abs for 4 hrs. The mRNA
expression of cytokines was measured by gRT-PCR)(ri=p< 0.05, **: p<0.01.

Fig E5. Notch signal is required for the initiation of B-producing Th2 cells mediated by
MCPIP1. (A) The percentages of Gata&®hl2a” CD4'T cells were analyzed after
pretreatment with GSI and then with anti-CD3/CD28sAn=3).(B) Total CD4 T cells of
WT and zc3h12a” were pretreated with GSI and then cultured withi-@D3/CD28 Abs.
Cytokine-producing cells were gated on CD4 and sanmead (n=3). *p< 0.05, **: p<0.01,
***: p< 0.001.

Fig E6. MCPIP1 inhibits the expression of Th2-associat@shdcription factors(A) The
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percentages ofGata3’Zc3h12a” CD4 as in Fig. 6C were summarized from three
independent experiments(B) The expression of GFP/MCPIP1 fusion protein in
CEM-Tet-On cells after adding DokC) CEM-Tet-On cells were treated with Dox and P/I,
followed by measuring Gata3 and IL-13 mRNA exprasdiy gRT-PCR (n=3XD) CD4'T
cells from WT andc3h12a’ mice were stimulated with anti-CD3/CD28 Abs andA®RB.
Then total RNAs were harvested for measuring mRé&i&ls by qRT-PCRE) The levels of
Gata3 and MCPIP1 mRNA in WT CD4&h2 cells were measured by qRT-PC()
Cytoplasmic extracts were collected from the Th2scand immunoprecipitated with
anti-MCPIP1 or isotype matched Ab, followed by RNtraction. Gata3 mRNA was
detected by PCR (n=3(G) A schematic diagram for putative functional comedrdomains
of MCPIP1.(H) The expression of Gata3 mRNA in CEM Tet-On ceftsraadding Dox and
stimulating with P/l for 3 h (n=3)l) The MFI of Gata3 in CEM-Tet-On cells after adding
Dox and then stimulating with P/J) Stable CEM-Tet-On cells were treated with Dox and
P/l, and then treated with ActD and DRB for differ¢imes. The remaining Gata3 mRNA
was measured by gRT-PCR (n=3)p% 0.05, **: p<0.01, ***: p< 0.001.

Fig E7. MCPIP1 deficiency enhances Th2 cell-mediated dsea an allergen-induced
asthma model. WT anzt3h12a’™ mice were sensitized and challenged with OVA aBiq
7A. H&E and PAS staining of lung tissue sectionsrevexamined on day 26A) and
inflammation was score@) (n=3). (C) The percentages of CD¥¥ cells were gated on
CD4" T cells in spleens of the mice as in (A) and sunzed (n=3).(D) Splenocytes from
the mice in (A) were stimulated with P/l and thegemtages of IL-5and IL-4 CD4 T cells
were measured and analyzed (n£E). Splenocytes from the mice in (A) were re-stimulate
with OVA (200 pg/ml) and IL-2 (10 ng/ml) for 3 daysnd stimulated with P/I. The
percentages of cytokine-producing CDRcells were measured by FAQE) Cell subtypes
in BAL of the CD45.1 recipient mice as in Fig. 7@ne counted and summarized (n54)
Splenocytes from the CDA45.%ecipient mice as in (D) were used to detect dareils
(CD45.2) and host cells (CD45 .gated on CD3D4" and CD3CD4 cells. *: p< 0.05, **:
p<0.01, ***: p< 0.001.
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Primer sequences

Gene symbol

Forward primer (5---3")

Reverse prirfigr—3’)

mirf4 5-GCAGCCTTCAGGGCTCGTCG 5-GCAGCCTTCAGGGCTCGEEG
mll4 5-GGTCTCAACCCCCAGCTAGT 5-GCCGATGATCTCTCTCAAGBGAT
mil5 5-CTCTGTTGACAAGCAATGAGACG | 5-TCTTCAGTATGTCTAGCCCCT
mll13 5-CCTGGCTCTTGCTTGCCT 5-GGTCTTGTGTGATGTTGCRC
mifng 5-ATGAACGCTACACACTGCATC 5-CCATCCTTTTGCCAGTTCCTC
mlll7a 5- CTCCAGAAGGCCCTCAGACTAC | 5-GGGTCT TCATTGEBGTGG
mTgf-b 5-TAAGAGGTCACCCGCGTGCT 5- AAAGACAGCCACTCAGCGTA
mCcl24 5-ATTCTGTGACCATCCCCTCAT 5- TGTATGTGCCTCTGACCCAC
mMuc5ac 5-CTCCTCTCGGTGACAGAGTCT 5-GTGGTTTGACACTGAN TCCC
mGob5 5-CGTGGTCATTGGCGATGACG 5-CTGTCTTCCTCTTGATACCA
mSocs3 5-ATGGTCACCCACAGCAAGTTT 5-TCCAGTAGAATCCGQITCCT
mGfi 5-GATGAGCTTTGCACACTGGA 5-AGGAACGCAGCTTTGACTG
mRorc 5-AAGATCTGCAGCTTTTCCACA 5-TTTGGAACTGGCTTTCBTC
mGata3 5-CTCGGCCATTCGTACATGGAA 5-GGATACCTCTGCACCAGC
mStat6 5-CTCTGTGGGGCCTAATTTCCA 5-CATCTGAACCGACCAGAACT
mTbx21, 5-TTTCCAAGAGACCCAGTTCATTG | 5-ATGCGTACATGGAETCAAAGTT
mFoxp3 5-CCCATCCCCAGGAGTCTTG 5-ACCATGACTAGGGGCAMTA
micosl 5-TAAAGTGTCCCTGTTTTGTGTCC | 5-ATTGCACCGACTTEAGTCTCT
mCd40 5-TGTCATCTGTGAAAAGGTGGTC 5-ACTGGAGCAGCGGTGIATG
mOx40I 5-GGGATGCTTCTGTGCTTCATCT 5-TGTTCTGCACCTCCPAGTTTGA
mCcr3 5-TCAACTTGGCAATTTCTGACCT 5-CAGCATGGACGATAGCAGG
mCxcr4 5-AGCTAAGCAGCATGAACAACT 5-AACGCTGCTGTAGAGTTGACACT
mCcl5 5-TCGTGCCCACGTCAAGGAGTA 5-TAGAGCAAGCAATGACAGGA
mJagl 5-CCTCGGGTCAGTTTGAGCTG 5-CCTTGAGGCACACTTT@GA&TA
mJag2 5-CAATGACACCACTCCAGATGAG 5-GGCCAAAGAAGTCGTGCG
mDII1 5-CAGGACCTTCTTTCGCGTATG 5-AAGGGGAATCGGATGGGTT

mDII3

5- CTGGTGTCTTCGAGCTACAAAT

5-TGCTCCGTATAGACGGGAC
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mDlIl4

5-TTCCAGGCAACCTTCTCCGA

5- ACTGCCGCTATTCTTGCTCC

mGapdh 5- AACTTTGGCATTGTGGAAGG 5- ACACATTGGGGGTAGAACA
hGata3 5-GCCCCTCATTAAGCCCAAG 5 TTGTGGTGGTCTGACAGTG
hzc3h12a 5-GGCAGTGGTTTCTTACGAAGGA | 5-CCCATCACAGACEGCACAT
hil13 5-CCTCATGGCGCTTTTGTTGAC | 5 TCTGGTTCTGGGTGATGTTGA
pLA-up 5-ATGCCTTCCTGATCCTATTGG

pLA-low 5-CTTTCATGAGCAATGGTCGCA
pLaz-low 5-GTGCGGGCOCTCTTCGCTATTAC
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Antibody list

Antibody clone Company
anti-CD3-APC 145-2C11 BD Biosciences
anti-CD4-PE H129.19 BD Biosciences
anti-CD8-PE 53-6.7 BD Biosciences
anti-CD4-PerCP RM4-5 BD Biosciences
anti-CD62L-PE MEL-14 BD Biosciences
anti-CD44-APC-cy7 IM7 BD Biosciences
anti-CD44-FITC IM7 BD Biosciences
anti-CD11b-FITC M1/70 BD Biosciences
anti-CD45.1-AF700 A20 BD Biosciences
Anti-CD45-pecy7 104 BD Biosciences
anti-Ly6G-APC 1A8 BD Biosciences
anti-Siglec F-PE E50-2440 BD Biosciences
Siglec F-PE E50-2440 BD Biosciences
anti-IFN<y-APC XMG1.2 BD Biosciences
anti-IL-17A-PE TC11-18H10.1 BD Biosciences

anti-IL-17A-AF488

TC11-18H10.1

BD Biosciences

anti-1L4-AF488 11B11 BD Biosciences
anti-IFN-y-AF700 XMG1.2 BD Biosciences
anti-IL-5-APC TRFK5 BD Biosciences
anti-Gata3-PE C50-823 BD Biosciences
anti-IL-13-PercPeF710 eBiol3A eBioscience
anti-CD11b-FITC M1/70 Biolegend
anti-CD45-PE-Cy7 N418 Biolegend
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