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Posttranscriptional regulation of ILC2 homeostatic

function via tristetraprolin

Yuki Hikichi*?@®, Yasutaka Motomura**@®, Osamu Takeuchi’®, and Kazuyo Moro>>*®

Group 2 innate lymphoid cells (ILC2s) are unique in their ability to produce low levels of type 2 cytokines at steady state, and
their production capacity is dramatically increased upon stimulation with IL-33. However, it is unknown how constitutive
cytokine production is regulated in the steady state. Here, we found that tristetraprolin (TTP/Zfp36), an RNA-binding protein
that induces mRNA degradation, was highly expressed in naive ILC2s and was downregulated following IL-33 stimulation. In
ILC2s from Zfp36~/~ mice, constitutive IL-5 production was elevated owing to the stabilization of its mRNA and resulted in an
increased number of eosinophils in the intestine. Luciferase assay demonstrated that TTP directly regulates /[5 mRNA
stability, and overexpression of TTP markedly suppressed IL-5 production by ILC2s, even under IL-33 stimulation. Collectively,
TTP-mediated posttranscriptional regulation acts as a deterrent of excessive cytokine production in steady-state ILC2s to
maintain body homeostasis, and downregulation of TTP may contribute to massive cytokine production under IL-33

stimulation.

Introduction

Group 2 innate lymphoid cells (ILC2s) produce type 2 cytokines
in an antigen-independent manner (Moro et al.,, 2010; Neill
et al., 2010; Price et al., 2010; Halim et al., 2012) and contrib-
ute to the initiation and exacerbation of type 2 inflammatory
processes, such as allergic diseases and helminth infections, by
producing massive amounts of IL-5 and IL-13, which induce
eosinophilia and goblet cell hyperplasia, respectively. We have
previously reported that II5 and IlI3 transcription in activated
ILC2s is mediated by the phosphorylation of p38 MAPK and
GATA3 downstream of IL-25 and IL-33 and by phosphorylated
GATA3 bound to the promoter regions of IlI5 and I3 loci
(Furusawa et al., 2013). ILC2s also produce small amounts of IL-5
and IL-13 in steady state. Such constitutive IL-5 and IL-13 pro-
duction contributes to the self-renewal of Bl cells in the peri-
toneal cavity and maintenance of eosinophils in the small
intestine (SI) and supports remodeling of epithelial cells in the
intestine, respectively (Moro et al, 2010; Zhu et al.,, 2019;
Nussbaum et al., 2013). Constitutive IL-5 production from ILC2s
stops upon fasting and is regulated by vasoactive intestinal
peptide, which is one of the intestinal peptides secreted after
food intake (Nussbaum et al., 2013). A study using IL-5-deficient
mice has shown that the homeostasis of eosinophils in the SI is

dependent on IL-5 (Mishra et al., 1999), and eosinophils in steady
state contribute to the regulation of microbiota composition by
supporting IgA production in the SI (Chu et al., 2014; Jung et al.,
2015). The number of cytokines involved in homeostasis is
strictly regulated since excessive cytokine production can in-
duce homeostatic imbalance. However, the molecular mecha-
nisms regulating the constitutive type 2 cytokine production in
ILC2s are poorly understood.

Gene expression is regulated at both the transcriptional
and the posttranscriptional level. Recent studies have shown
the importance of posttranscriptional regulation, particularly
mRNA degradation and translation, in controlling immune
responses and maintaining immune homeostasis (Anderson,
2008; Fu and Blackshear, 2017). Many cytokine-encoding
mRNAs are known to be unstable owing to the presence of cis
elements, such as adenine and uridine-rich elements (AREs),
and stem-loop structures in their 3’ untranslated regions
(UTRs). These cis elements interact with RNA-binding proteins
(RBPs) that regulate mRNA stability. Tristetraprolin (TTP) is one
of the best-characterized RBPs and plays a role in various cells,
such as macrophages, dendritic cells, T cells, and fibroblasts
(Brooks and Blackshear, 2013). Here, we found that naive ILC2s,
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but not activated ILC2s, highly express TTP to degrade extra II5
mRNAs in the steady state to maintain homeostasis.

Results and discussion
IL-33 stabilizes II5 and 1l13 mRNA via p38 MAPK to induce
cytokine production in ILC2s
While most immune cells produce cytokines during inflamma-
tion, ILC2s are unique in that they can produce cytokines even in
the steady state. Conversely, IL-33-induced inflammation re-
sults in rapid and massive cytokine production by ILC2s, sug-
gesting that ILC2s have a great cytokine production ability in
both steady state and activated state (Moro et al., 2010, 2016).
We conformed that although there are some quantitative dif-
ferences between tissues, ILC2s in all tissues produce large
amounts of IL-5 and IL-13 upon stimulation with IL-33, and they
produce small amounts of these cytokines constitutively in the
presence of IL-7, a cytokine that maintains the survival of ILC2s
without inducing activation (Fig. 1 A). Phosphorylation peaks
30 min after IL-33 stimulation and subsequently decreases,
whereas type 2 cytokine production in ILC2s in response to IL-33
continues even after phosphorylation levels diminish (Furusawa
et al, 2013). These results strongly suggest that regulatory
mechanisms, other than those affecting transcription, sustain type
2 cytokine production, resulting in high levels in ILC2s. To assess
this possibility, we first compared the kinetics of IL-5 and IL-13
production and the expression of pre-mRNA, an RNA product
before processing (to assess transcriptional activity), as well as
total mRNA levels of II5 and 1113 in ILC2s under IL-33 stimulation.
Consistent with large IL-5 and IL-13 production in ILC2s (Fig. 1 B),
the II5 and Il13 total mRNA levels remained high at 72 h compared
with baseline levels (Fig. 1 C). However, the levels of II5 primary
transcripts peaked 3 h after IL-33 stimulation and decreased to
baseline levels by 72 h, whereas the IlI3 primary transcript level
continued to increase until 72 h after IL-33 stimulation (Fig. 1 D).
Among the several posttranscriptional regulatory steps in
cytokine production, mRNA stability regulated by p38 MAPK is
well reported in various cell types, including immune cells
(Dean et al., 2004; Venigalla and Turner, 2012). We determined
whether p38 MAPK is involved in stabilizing II5 and IlI3 mRNAs
in ILC2s. Consistent with a previous report (Furusawa etal., 2013),
SB203580, a p38 inhibitor, considerably reduced the production of
IL-5 and IL-13 and II5 and Il13 mRNA levels upon IL-33 stimulation
in ILC2s without affecting cell viability (Fig. 1, E-G). To elucidate
whether mRNA degradation is involved in suppressing type 2 cy-
tokine gene expression by SB203580 in ILC2s, we measured the
stability of II5 and IlI3 mRNAs after blocking the p38 MAPK
pathway in IL-33-stimulated ILC2s. Interestingly, increased II5
and III3 mRNA degradation was observed in the presence of
SB203580 compared with the control (Fig. 1 H), suggesting that
IL-33 signaling stabilizes II5 and I3 mRNAs via p38 MAPK to
enhance type 2 cytokine production in ILC2s.

ILC2s highly express the RBP TTP under steady-state
conditions

To identify the genes that control type 2 cytokine gene ex-
pression at the posttranscriptional level, we compared the
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transcriptome of naive and IL-33-stimulated ILC2s by RNA se-
quencing analysis. One of the most remarkable differentially
expressed genes between naive and activated ILC2s was zinc
finger protein 36 (Zfp36), which encodes the RBP TTP (Fig. 2 A),
a posttranscriptional regulator that mediates mRNA degradation
(Brooks and Blackshear, 2013). While the expression levels of
genes associated with proliferation (Mki67) and effector mole-
cules (I15, 119, Il13, and Pdcdl) were upregulated in ILC2s activated
via IL-33, Zfp36 was highly expressed in naive ILC2s and was
downregulated following ILC2 activation (Fig. 2 B). In naive
ILC2s, Zfp36 was the most highly expressed among the investi-
gated CCCH zinc finger protein genes that often function as RBPs
and regulate RNA metabolism (Fig. 2 C; Liang et al., 2008; Fu and
Blackshear, 2017). In addition, Zfp36 expression in ILC2s was
higher than that in macrophages in which TTP functions are
well known (Fig. 2 D; Carballo et al., 1998; Sauer et al., 2006;
Stoecklin et al., 2008; Qian et al., 2011). Since ILC2s have het-
erogeneity among different tissues (Moro et al., 2015; Ricardo-
Gonzalez et al., 2018), we compared the expression of Zfp36 in
ILC2s from different peripheral tissues (Fig. 2 E). In each tissue
type, ILC2s expressed Zfp36 at high levels under steady-state
conditions, suggesting that TTP exerts a broad effect in all pe-
ripheral tissue resident ILC2s. Consistent with RNA sequencing
data, the expression of Zfp36 in ILC2s was the highest among all
ILC subsets (Fig. 2 F). Moreover, quantitative PCR (qPCR) analysis
confirmed that Zfp36 expression was reduced in activated ILC2s
under IL-33 stimulation both in vitro (Fig. 2 G) and in vivo
(Fig. 2 H), and in vivo experiments showed an inverse correlation
between Zfp36 and II5 and IlI3 expressions. These data suggest that
TTP acts as a posttranscriptional regulator that negatively controls
type 2 cytokine gene expression in ILC2s in the steady state, and
downregulation of TTP by IL-33 stimulation may contribute to
enhanced production of type 2 cytokines in ILC2s.

TTP negatively regulates IL-5 and IL-13 production via mRNA
degradation

TTP targets several mRNAs that encode cytokines and chemo-
kines (Brooks and Blackshear, 2013); however, it is unclear
whether Il5 and IlI3 mRNAs are the targets of TTP. To further
elucidate the regulatory mechanism of type 2 cytokine gene
expression by TTP in ILC2s, after downregulating TTP in ILC2s
via IL-2 and IL-33 stimulation, we overexpressed TTP using a
retroviral vector. The overexpression level was within the
physiological range (Fig. S1 A). TTP overexpression markedly
suppressed IL-5 and IL-13 production in ILC2s stimulated with
IL-2 and IL-33 (Fig. 3 A). Because ILC2s produce several cyto-
kines, including IL-6 and GM-CSF, which have been reported as
targets of TTP in macrophages and stromal cells in the bone
marrow (BM; Sauer et al., 2006; Carballo et al., 2000), we
performed multiplex assays in TTP-overexpressing ILC2s to
identify cytokines regulated by TTP. In addition to IL-5 and
IL-13, IL-6 and GM-CSF production under IL-2 plus IL-33 stim-
ulation were reduced by TTP overexpression in ILC2s (Fig. 3 B).
Consistent with the multiplex assay results, II5, 116, and I113 levels
were decreased in TTP-overexpressing ILC2s (Fig. 3 C). How-
ever, the expression of Csf2 was not suppressed by TTP over-
expression, presumably because TTP suppresses Csf2 translation
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Figure 1. IL-33 stabilizes II5 and 113 mRNAs via p38 MAPK to induce cytokine production in ILC2s. (A) Concentration of IL-5 and IL-13 in the supernatants
of isolated ILC2s (1.5 x 10* cells) from the lungs, mesentery, or S| cultured with IL-7 or IL-33 for 48 h, as determined by ELISA. (B-D) Isolated ILC2s (3 x 10*
cells) from the mesentery cultured with IL-33 for 0-72 h. (B) Concentrations of IL-5 and IL-13 in the culture supernatants at the indicated time points, as
determined by ELISA. (C) Expression levels of Il5 and /13 in ILC2s at the indicated time points, as measured by qPCR. (D) Expression levels of 1[5 and I(13 primary
transcripts in ILC2s at the indicated time points, as measured by qPCR. (E-G) Isolated ILC2s (3 x 10* cells) from the mesentery pretreated with DMSO or p38
inhibitor (p38 I; SB203580) for 1 h and stimulated with IL-33 for 12 h. (E) Concentrations of IL-5 and IL-13 in the culture supernatants, as determined by ELISA.
(F) Expression levels of 115 and /113 in ILC2s measured by qPCR. (G) Cell viability at the end of stimulation. (H) Expression levels of /5 and Il13 mRNA in isolated
ILC2s from the mesentery, which was prestimulated with IL-33 for 2 h and then treated with actinomycin D (ActD) and p38 | for 0.5, 1, and 2 h under IL-
33-stimulated conditions, as measured by qPCR. Data are representative of two independent experiments (mean + SEM of n = 3 or 5). *, P < 0.05; **, P < 0.01;
***, P < 0.001 by Student’s t test.

through a general translation repressor RCK (Grosset et al, mRNAs, which also have AREs in the 3' UTR of their mRNAs
2004; Qi et al., 2012). We also evaluated the mRNA stability of  (Fig. S1B). To assess the binding capacity of TTP to 3’ UTR of II5
115, 116, and I113 and found that mRNA degradation was enhanced and Il13 mRNAs, we performed luciferase reporter assays with
by TTP overexpression (Fig. 3 D). Notably, overexpression of II5 and Ili3 3’ UTRs. We cloned the II5 and IlI3 3' UTRs down-
TTP markedly enhanced the degradation of both Il5 and IlI3  stream of the luciferase gene (Fig. 3 E) and cotransfected these
mRNAs, consistent with their reduced mRNA expression and constructs into MEFs with a TTP-overexpressing vector. As
protein production in TTP-overexpressing ILC2s (Fig. 3, Band C).  expected, TTP decreased luciferase activity in cells transfected
Collectively, these results suggest that TTP regulates II5, II6, and ~ with the reporter plasmid containing the II5 3" UTR; however,
I3 expression in ILC2s through mRNA degradation. this effect was not observed with that of the IlI3 3’ UTR (Fig. 3 F).

TTP directly regulates the stability of Il6 mRNA by targeting  Therefore, to identify the target AREs of TTP in II5 3’ UTR, we
its AREs in the 3" UTR (Zhao et al., 2011); however, it remains  generated three constructs by mutating different AREs in the II5
unknown whether TTP also directly regulates II5 and IlI3 3’ UTR (Fig. 3 G) and performed a reporter assay. Luciferase
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Figure 2. ILC2s highly express the RBP TTP under steady-state conditions. (A-C) RNA sequencing analysis of freshly isolated ILC2s from the mesentery
and ILC2s isolated from the mesentery and cultured with IL-33 for 48 h. (A) MA plot of genes expressed in naive ILC2s versus IL-33-stimulated ILC2s. Pink dots
indicate genes that were significantly differentially expressed (false discovery rate <0.01and |Z-score| >2). CPM, counts per million mapped reads. (B) Heatmap
of the gene expression Z-score of effector molecules in ILC2s. (C) Heatmap of the gene expression of CCCH zinc finger proteins in ILC2s. (D) Expression level of
Zfp36 in the indicated immune cells without stimulation, as detected by RNA sequencing. (E) Expression level of Zfp36 in the indicated immune cells without
stimulation, as measured by qPCR. (F) Expression level of Zfp36 in the indicated freshly isolated ILCs, as measured by qPCR. (G) Expression levels of Zfp36, II5,
and 113 in freshly isolated ILC2s from the mesentery or ILC2s isolated from the mesentery and cultured with IL-33 for 48 h, as measured by qPCR.
(H) Expression levels of Zfp36, 115, and 1113 in ILC2s isolated from the lungs of mice at 24 and 72 h after i.n. administration of PBS or IL-33, as measured by qPCR.
Two independent samples were prepared for each cell population, except for dendritic cells, eosinophils, and macrophages (A-D). Data are representative of
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two independent experiments (mean + SEM of n = 3-6 in E-H). *, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way ANOVA with Tukey-Kramer test (E and H) or
Student’s t test (G). FC, fold change; FPKM, fragments per kilobase of transcript per million mapped reads; Max, maximum; Mes, mesentery; Min, minimum.

activity in cells transfected with the II5 3’ UTR AAREI-3 and
AARE4 constructs was significantly reduced by TTP to a similar
level as that in cells cotransfected with the full-length II5 3’ UTR
construct and the TTP-overexpressing vector (Fig. 3 H). How-
ever, cells transfected with the II5 3’ UTR AARE5-7 construct
displayed no reduction in the luciferase activity by TTP, sug-
gesting that ARE5-7, but not ARE1-4, contributed to the degra-
dation of Il5 mRNA by TTP. These data indicate that TTP directly
regulates II5 expression and indirectly regulates IlI3 expression
via mRNA degradation in ILC2s.

TTP defect upregulates constitutive IL-5 and IL-13 production
by ILC2s in vivo

Based on the above results, TTP appears to function as a negative
regulator of IL-5 and IL-13 production by ILC2s. To assess the
role of TTP in ILC2s in vivo, we generated Zfp36~/~ mice in which
a frameshift deletion mutation was introduced in the Zfp36 locus
using the CRISPR/Cas9 system (Fig. S2, A and B). The deletion of
Zfp36 in genomic DNA was confirmed at the mRNA and protein
levels (Fig. S2, C-E). Consistent with previous reports (Taylor
et al,, 1996; Kaplan et al., 2011), Zfp36~/~ mice exhibited poor
growth and increased Gr-1*CD11lb* cells and granulocyte-
monocyte progenitors (GMPs) but differed in that T cells in the
BM were reduced (Fig. S2, F and G). Meanwhile, the number of
ILC2s was comparable with that in the lungs of Zfp36*/* mice
and slightly increased compared with that in the SI of Zfp36~/~
mice, indicating that TTP does not exert critical effects on the
development of ILC2s (Fig. 4 A). As TTP expression was
downregulated in ILC2s following their activation (Fig. 2, G and
H), we focused on the role of TTP on IL-5 and IL-13 production
in the steady state. To maintain the survival of ILC2s without
activation, ILC2s from the lungs and SI of Zfp36~/~ mice were
cultured with IL-7. Contrary to the results of TTP over-
expression, excessive production of IL-5 and IL-13 was ob-
served in Zfp36/~ ILC2s collected from the lungs and SI without
activation stimuli (Fig. 4 B), indicating that TTP restricts con-
stitutive IL-5 and IL-13 production in ILC2s.

Because ILC2-derived IL-5 was reported to support the
maintenance of eosinophils in the SI at steady state (Nussbaum
et al., 2013), we analyzed the number of eosinophils in the lungs
and SI of Zfp36~/~ mice. In agreement with the increase in
number of ILC2s in the SI, the accumulation of eosinophils was
prominently enhanced in the SI of Zfp36~/~ mice (Fig. 4 C).
However, the number of eosinophils in the lungs of Zfp36/~
mice was comparable with that of Zfp36*/* mice, consistent with
a previous study reporting that the accumulation of lung eosi-
nophils is IL-5 dependent only under inflammatory conditions
and not in the steady state (Mesnil et al., 2016). Flow cytometry
demonstrated that excessive IL-5 production in Zfp36~/~ mice
was restricted to lineage (Lin)-negative cells corresponding to
ILC2s (Fig. 4 D), suggesting that the number of homeostatic
eosinophils in the SI is regulated by IL-5 from ILC2s via TTP. It
has been reported that homeostatic eosinophils in the SI protect
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the mucosal barrier by supporting IgA production from plasma
cells (Chu et al., 2014; Jung et al., 2015), and indeed, we observed
enhanced IgA production in the SI of Zfp36~/~ mice (Fig. S2 H).
These results suggest that TTP contributes to intestinal ho-
meostasis by regulating the number of eosinophils through an
appropriate amount of IL-5 from ILC2s.

Lung and intestinal epithelial cells are known sources of
IL-33 and express TTP (Zhao et al., 2016; Eshelman et al., 2019),
and TTP reportedly regulates II33 expression in gastric cancer
(Deng et al., 2016). It is thus possible that the overproduction of
IL-5 and IL-13 in ILC2s is due to the enhanced production of IL-33
from epithelial cells in Zfp36~/~ mice. However, qPCR analysis
revealed that the expression levels of II33 in the lungs and SI of
Zfp36~/- mice are comparable with those of Zfp36*/* mice (Fig. S2
I). Additionally, there was no difference in the expression of ac-
tivation markers of ILC2s in the lungs or SI of Zfp36*/* and Zfp36~/~
mice, suggesting that the overproduction of IL-5 and IL-13 by
ILC2s in Zfp36~/~ mice is due to intracellular regulation rather than
external activation (Fig. 4 E). To verify whether elevated IL-5 and
IL-13 production in ILC2s occurred in a cell-intrinsic manner
in Zfp36~/~ mice, BM cells from WT (CD45.1) and Zfp36~/~ (CD45.2)
mice were cotransferred into Il2rg-/"Rag2~/~ mice lacking all
lymphocytes. The production of both IL-5 and IL-13 was increased
in ILC2s derived from Zfp36~/- BM cells in both the lungs and the
SI (Fig. 4, F and G), demonstrating that TTP regulates constitutive
IL-5 and IL-13 production in ILC2s in a cell-intrinsic manner.

Finally, we evaluated the mRNA stability of II5 and IlI3 in
ILC2s of steady-state Zfp36~/~ mice. While II5 mRNA was sig-
nificantly stabilized in Zfp36~/- ILC2s, IlI3 was only slightly sta-
bilized (Fig. 4 H), suggesting that constitutive IL-5 production in
ILC2s is negatively regulated by TTP via II5 mRNA degradation,
while that of IL-13 is regulated by TTP not only via IlI3 mRNA
degradation but also via other mechanisms. Collectively, these
results indicate that TTP directly suppresses the constitutive
IL-5 production by ILC2s while indirectly regulating IL-13 pro-
duction. The negative regulation of ILC2s by TTP through
posttranscriptional regulation is important to prevent excessive
cytokine production under steady-state conditions.

Here, we identify IL-5 as a new target for TTP in ILC2s, in
addition to IL-6 and GM-CSF, which have been reported in
macrophages and stromal cells in the BM (Sauer et al., 2006;
Carballo et al., 2000). Unlike IL-5 and IL-6, GM-CSF expression
is regulated via translational repression by TTP in cooperation
with a general translational repressor RCK (Grosset et al., 2004;
Qi et al., 2012). These findings suggest that TTP suppresses not
only inflammatory cytokines but also type 2 cytokines in ILC2s.
Reporter assays indicated that although both II5 and Ili3 3’ UTRs
contain AREs, TTP directly regulates II5 expression and indi-
rectly regulates I113 expression in ILC2s. In addition, a reporter
assay using II5 3" UTR with mutated AREs demonstrated that the
most important factors for enabling the interaction of TTP with
the II5 3’ UTR is ARE5-7 with UAUUUAU sequence. This finding
is consistent with the report that the most preferred TTP
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Figure 3. TTP negatively regulates IL-5 and IL-13 production via mRNA degradation. (A-D) IL-2-expanded ILC2s were prestimulated with IL-2 and IL-33
on day 0 and infected twice with viral particles of pMX-IRES-GFP retroviral vector encoding Zfp36 or control vector (mock) at day 1and day 2. GFP* cells were
sorted as infected cells at day 3 for analysis in B-D. (A) Intracellular staining of IL-5 and IL-13 in the infected ILC2s at day 4 after IL-2 and IL-33 stimulation.
(B) Concentrations of cytokines in the supernatants of the infected ILC2s cultured with IL-2 and IL-33 for 72 h, as determined by multiplex assay system.
(C) Expression levels of Il5, 116, 1113, and Csf2 in the infected ILC2s, as measured by qPCR. (D) Expression levels of /15, Il6, and 1113 mRNA in the infected ILC2s
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treated with actinomycin D (ActD) for 1, 2, and 4 h, as measured by qPCR. (E) Schematic of luciferase reporter constructs. The full-length mouse I(5 and /13 3
UTRs are downstream of the luciferase gene driven by the constitutively active SV40 promoter. (F) Luciferase activity in MEFs cotransfected for 48 h with
indicated luciferase reporter plasmid together with control vector (mock) or retroviral vector encoding Zfp36. (G) Schematic of luciferase reporter constructs.
The 1I5 3’ UTR containing AAREs are downstream of the luciferase gene driven by the constitutively active SV40 promoter. (H) Luciferase activity in
HEK293T cells cotransfected for 24 h with indicated luciferase reporter plasmid together with control vector (mock) or retroviral vector encoding Zfp36. Data
are representative of two independent experiments (mean + SEM of n = 3 or 4). *, P < 0.05; **, P < 0.01; ***, P < 0.001 by two-way ANOVA with Sidak test (G)
or Student’s t test (B-F). RANTES, regulated upon activation, normal T cell expressed and presumably secreted.

binding sequence in murine primary macrophages is the
UAUUUAU heptamer (Sedlyarov et al., 2016). Conversely, al-
though overexpression of TTP suppressed large amounts of IL-13
production from activated ILC2s under IL-33 stimulation, and
Zfp36~/~ mouse-derived ILC2s showed elevated IL-13 production
in the steady state, reporter assays revealed that Il13 mRNA is not
a direct target of TTP.

Group 3 innate lymphoid cells (ILC3s) also express TTP
(Fig. 2 F), with constitutive production of IL-22 in ILC3s re-
portedly controlled by circadian rhythms (Seillet et al., 2020);
meanwhile, IL-22 is a target of TTP in T cells (Hirdle et al,,
2015), collectively indicating that TTP may also have a similar
function in ILC3s as that in ILC2s. The mechanism of homeo-
static cytokine production in ILCs is not completely understood,
but unlike T cells, whose cytokine production is strictly regu-
lated in an antigen-dependent manner, ILCs readily produce
cytokines, depending on various factors. Therefore, a post-
transcriptional regulatory mechanism in which TTP suppresses
cytokine production in the steady state and permits the pro-
duction of large amounts of cytokines when necessary may
be important in preventing the development of ILC-related
diseases.

Materials and methods

Mice

All mice were maintained under specific pathogen-free con-
ditions at the RIKEN Center for Integrative Medical Sciences
(IMS) and Osaka University. C57BL/6N mice were purchased
from Charles River Laboratories Japan or CLEA Japan.
I2rg~/-Rag2~/~ mice (#4111) and B6.SJL mice (#4007) were ob-
tained from Taconic Biosciences. All mice used in the studies
were 8-20 wk of age, with the exception of mice used for the
isolation of ILC2s. Zfp36~/~ mice were generated using the
CRISPR/Cas9 genome editing technique. Sequences and posi-
tions of single guide RNA are shown in Fig. S2 B. The single
guide RNA and mRNA encoding Cas9 were coinjected into the
cytoplasm of fertilized C57BL/6N eggs, which were then trans-
ferred into the oviducts of pseudopregnant Jcl:ICR female mice.
Offspring were screened by DNA sequencing, and founder off-
spring containing a premature stop codon in exon 2 via frame-
shift mutation (Fig. S2 A) were selected for establishing the
mouse line. All experiments were approved by the animal care
and use committee of RIKEN or Osaka University and were
performed in accordance with institutional guidelines.

Cell preparation
Cells were isolated from the spleen, mesentery, lungs, and SI of
mice. The spleen was smashed through a 70-um nylon mesh,
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and spleen cells were used for flow cytometry analysis after lysis
of red blood cells. The mesentery was prepared as previously
described (Moro et al., 2015). The lungs were minced with
scissors and digested in HBSS with 2% BSA (Sigma-Aldrich),
liberase-TM (Roche), and DNase I (Roche) with agitation at 150
revolutions per minute (rpm) on a rotary shaker at 37°C for
45 min. Digested tissues were dispersed using an automated
tissue dissociator (GentleMACS; Miltenyi Biotec) running pro-
gram C and then passed through a 100-um nylon mesh. Single-
cell suspensions were further purified with 30% Percoll (GE
Healthcare) after lysis of red blood cells for flow cytometry
analysis and cell culture. The SI was stirred in PBS with 10% FCS
(Bovogen Biologicals) and 5 mM EDTA at 350 rpm and 37°C for
20 min after removing feces and Peyer’s patches. Floating cells
were collected as the intraepithelial lymphocytes (IELs); the re-
maining tissue was washed with PBS and cut into small pieces with
scissors and digested in RPMI-1640 (Sigma-Aldrich) with 10% FCS
(Bovogen Biologicals), Collagenase IV (Sigma-Aldrich), and DNase I
at 150 rpm on a rotary shaker at 37°C for 30 min. Digested tissue
containing the lamina propria lymphocyte (LPL) fraction was dis-
persed using GentleMACS running program m_intestine 01 and
then passed through a 100-pm nylon mesh. The LPL and IEL
fractions were further purified with 30% Percoll after lysis of red
blood cells for flow cytometry analysis and cell culture.

Antibodies and reagents
mAbs specific for mouse B220 (RA3-6B2), c-Kit (2B8), CD3e (145-
2Cl1), CD5 (53-7.3), CD8 (53-6.7), CD11b (M1/70), CDllc (HL3),
CD16/CD32 (2.4G2), CD19 (1D3), CD25 (PCél), CD34 (RAM34),
CD45.1 (A20), CD45.2 (104), CD49b (DX5), CD127 (A7R34), GATA3
(L50-823), Gr-1 (RB6-8C5), MHC class II (M5/114.1), NKI.1
(PK136), Sca-1 (D7), Siglec-F (E50-2440), ST2 (U29-93), Thyl.2
(53-2.1), IL-4 (11B11), IL-12 (C15.6), IFN-y (XMG1.2), and
fluorochrome-conjugated streptavidin were purchased from BD
Biosciences. mAbs specific for mouse CD4 (GKL5), FIt3 (A2F10),
F4/80 (BMS8), IL-5 (TRFKS), IL-17RB (9B10), and NKp46 (29A1.4)
were purchased from BioLegend. mAbs specific for mouse a4f7
(DATK32), FceRlIa (MAR-1), IL-13 (eBiol3A), and killer cell lectin-
like receptor G1 (KLRGI; 2F1) were purchased from eBioscience.
mAbs against mouse CD16/CD32 (2.4G2), CD28 (37.51), and ery-
throid cell marker (TER-119) were purified from hybridoma
culture supernatants in our laboratory.

Recombinant mouse IL-2, mIL-4, mIL-6, mIL-7, mIL-33, and
mTGF-B1 were purchased from R&D Systems. p38 inhibitor
(SB203580) and actinomycin D were purchased from Sigma-Aldrich.

Flow cytometry
Cells were incubated with anti-CD16/CD32 to block nonantigen-
specific binding of Igs to Fcy receptors. Propidium iodide or
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Figure 4. TTP defect upregulates constitutive IL-5 and IL-13 production by ILC2s in vivo. (A) Absolute number of ILC2s in the lungs and Sl of Zfp36*/* or
Zfp36~/ mice. (B) Concentration of IL-5 and IL-13 in the supernatants of lung ILC2s (1.5 x 10%) and SI ILC2s (9 x 103) from Zfp36*/* and Zfp36~/~ mice cultured
with IL-7 for 48 h, as detected by ELISA. (C) Absolute number of eosinophils (CD45* Siglec-F* CD11c'*/~) from the lungs and Sl of the Zfp36*/* or Zfp36~/~ mice.
(D) Intracellular staining of IL-5 and IL-13 in CD45* cells from the lungs and SI of the Zfp36+/* or Zfp36~/~ mice. (E) Flow cytometric analysis of the expression
levels of GATA3, ST2, IL-17RB, CD25, CD127, Thyl1.2, and KLRG1 on ILC2s from the lungs and Sl of the Zfp36*/* and Zfp36~/~ mice. (F and G) BM cells from the
WT (CD45.1) and Zfp36/- (CD45.2) mice cotransferred (1:1) into recipient I2rg~/~Rag2~/~ mice (CD45.2). (F) Intracellular staining of IL-5 and IL-13 in Zfp36*/* or
Zfp367/~ ILC2s from the lungs and Sl of recipient mice at 12 wk after transfer. (G) Frequency of IL-5* and IL-13* Zfp36*/* or Zfp36~/ ILC2s from the lungs and S|
of recipient mice as in F. (H) Expression levels of 1[5 and Il13 mRNA in freshly isolated ILC2s from the lung of the Zfp36*/* or Zfp36~/~ mice and treated with
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actinomycin D (ActD) for 0.5, 1, and 2 h, as measured by qPCR. In A, data are pooled from four independent experiments (mean + SEM of n = 3 or 4 mice per
experiment), and in B-H, data are representative of two independent experiments (mean + SEM of n = 3 or 4 mice). *, P < 0.05; **, P < 0.01; and ***, P < 0.001

by Student’s t test. Evenrs, event rate; Max, maximum.

Zombie Fixable Viability Dye (BioLegend) were used to detect
dead cells. For intracellular cytokine staining, the cells were
fixed and permeabilized using the IntraPrep Permeabilization
Reagent (Beckman Coulter) according to the manufacturer’s
instructions. Foxp3/Transcription Factor Staining Buffer Set
(eBioscience) was used for GATAS staining. mAbs against CD3e,
CD4, CD5, CD8a, CDllc, CD19, FceRla, F4/80, Gr-1, NK1.1, and
TER-119 were used as Lin markers for the detection of ILC2s.
mAbs against CD3e, CD8a, CD19, Gr-1, and TER-119 were used as
Lin markers for the detection of natural killer (NK) cells, ILCls,
ILC3s, and lymphoid tissue inducer (LTi) cells. mAbs against
CD3g, CD11b, CD19, F4/80, Gr-1, NK1.1, and TER-119 were used as
Lin markers for the detection of GMP and common lymphoid
progenitor (CLP). Lung ILC2s were gated by CD45* Lin- GATA3*
or CD45* Lin~ Thyl.2* ST2*. SI ILC2s were gated by CD45* Lin~
GATA3* or CD45* Lin~ KLRGI* Sca-1*. T cells were gated by
CD45* CD3* CD19~ NK1.17, B cells were gated by CD45* CD3~
CD19* NK1.17, and CD11b* Gr-1* cells were gated by CD45* CD11b*
Gr-1* in the spleen and BM. GMP was gated by Lin~ c-Kit* Sca-1*
CD34M CD16/32M, and CLP was gated by Lin~ c-Kit!™* Sca-1int
CD127* Flt3* a4f7- in the BM. Eosinophils were gated by SSCM
Siglec-FM CDI11cl*/~. ILC2s as CD45.2* Lin~ Thyl.2* ST2* and NK
cells as CD45.2* Lin~ NK1.1* were sorted from the lungs. ILC2s
were sorted from the mesentery with the same markers as lung
ILC2s. ILCls as CD45* Lin~ Thyl.2* NK1.1* NKp46* were sorted
from the IEL fraction of SI. ILC2s as CD45* Lin~ KLRG1* Sca-1*
and ILC3s as CD45* Lin~ Thyl.2* KLRGl~ NKp46*/~ were sorted
from the LPL fraction of SI. Macrophages as CD45* CD11b* F4/
80*, CD4* T cells as CD45* Thyl.2* CD4*, NK cells as CD45* Lin~
NK1.1%, and LTi cells as CD45* Lin~ Thyl.2* NKIL.1- were sorted
from the spleen. Cells were analyzed using a FACSCanto and
FACSAria I (BD Biosciences) and sorted using a FACSAria Ilu.
Data were analyzed using Flow]Jo software (TreeStar).

In vitro ILC2 culture and cytokine quantification
For retrovirus transduction experiments, ILC2s isolated from
the mesentery were first expanded in a 96-well round-bottom
plate containing ILC2 culture medium (RPMI-1640 supplemented
with 10% FCS [MP Biomedicals], 50 pM 2-mercaptoethanol
[Gibco], 100 U/ml penicillin and 100 pg/ml streptomycin
[Gibco], 50 pg/ml gentamycin [Nacalai Tesque], 1x nonessential
amino acids [Sigma-Aldrich], 10 mM Hepes [Sigma-Aldrich],
and 1 mM sodium pyruvate [Gibco]) with 10 ng/ml rmIL-2 and
10 ng/ml rmIL-7 at 37°C under 5% CO,. To assess cytokine pro-
duction, the infected ILC2s were seeded at 5,000 cells per well
into a 96-well round-bottom plate and stimulated with 10 ng/ml
rmIL-2 and 10 ng/ml rmIL-33 for 72 h at 37°C under 5% CO,. The
cytokine concentrations in the supernatant were measured using
Bio-Plex Pro Mouse Cytokine 23-plex Assay kits (Bio-Rad).

For other cytokine production analyses, ILC2s isolated
from the lungs, mesentery, and SI were seeded into 96-well
round-bottom plates and stimulated in ILC2 culture medium
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supplemented with 10 ng/ml rmIL-2, 10 ng/ml rmIL-7, 10 ng/ml
rmlL-33, and 10 uM SB203580 at 37°C under 5% CO,. The SI were
suspended in radioimmunoprecipitation assay buffer supple-
mented with protease inhibitors and homogenized using a bio-
masher (Nippi Collagen). The supernatants were used to determine
the concentrations of IL-5 and IL-13 using Quantikine ELISA Kits
or DuoSet ELISA Development Systems Kits (R&D Systems);
additionally, IgA concentrations were estimated using an ELISA
Quantitation Set (Bethyl Laboratories) according to the manu-
facturers’ instructions. To assess ex vivo cytokine production,
whole-lung and SI cells were incubated with Brefeldin A (In-
vitrogen) without stimulation for 5 h at 37°C under 5% CO,.

Plasmid

Retroviral vector encoding Zfp36 was cloned by inserting Zfp36
cDNA into the pMX-IRES-GFP vector between EcoRI and Xhol
sites using KOD -Plus- Neo (TOYOBO). Each 3’ UTR plasmid,
except II5 3' UTR AARE4, was cloned by inserting each 3’ UTR
into the pGL3-promoter vector (Promega) in the Xbal site using
KOD -Plus- Neo. II5 3' UTR AARE4 was cloned using pGL3-pro-
moter-II5 3" UTR as a template using KOD -Plus- Neo. Primers
for Zfp36 cDNA (forward, 5'-CGCGAATTCATGGATCTCTCTGCC
ATCTA-3'; reverse 5-AGGCTCGAGTCACTCAGAGACAGAGAT
AC-3'), II5 3’ UTR full (forward, 5'-AAATCTAGATGAGGCTGA
GCTGCTCCATG-3'; reverse, 5-CCGTCTAGAGAATATTATATA
CGTTGTAA-3'), II5 3' UTR AAREI-3 (forward, 5'-CCCTCTAGA
CCTGTAGTCAGTTAAACCTATCTAT-3'; reverse, same as re-
verse primer of Il5 3' UTR full), II5 3' UTR AARE4 (forward, 5'-
CCCACTAGTCAATCTCTCCTCAACT-3’; reverse, 5'-AAGTTA
GATAGGAGCAGGAAGCCCC-3'), II5 3" UTR AARE5-7 (forward,
same as primer of II5 3’ UTR full; reverse, 5'-GCCTCTAGACAT
CTGTTTTTCCTGGAGTA-3'), and Il13 3’ UTR full (forward, 5'-
CCGTCTAGATAATGAGGAGAGACCATCCC-3'; reverse, 5-CCG
TCTAGACCGGTTTCTAGTTTGACAGT-3') were used for cloning.

Retroviral transduction

The retroviral vector pMX-IRES-GFP was transfected into PLAT-
E packaging cells (a gift from T. Kitamura from the University of
Tokyo, Tokyo, Japan) using FUGENE 6 (Promega) according to the
manufacturer’s instructions, and the culture supernatants 2 d after
transfection were used as a source of viral particles. Cultured ILC2s
were transduced with pMX-IRES-GFP viral particles at 1 and 2 d
after stimulation with 10 ng/ml rmIL-2 and 10 ng/ml rmIL-33. After
4 d of stimulation, ILC2s were incubated with Brefeldin A for 1 h
before subjection to intracellular cytokine staining. For multiplex
assays, the infected cells were sorted as GFP* after 4 d of stimulation.
For mRNA stability assays and quantification of mRNA expression,
the infected cells were sorted as GFP* after 3 d of stimulation.

Reverse transcription and qPCR
Total RNA was isolated with TRIzol (Thermo Fisher Scientific).
cDNA was synthesized using SuperScript III Reverse Transcription
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(Invitrogen) according to the manufacturer’s instructions. The
expression levels of II5 primary (forward, 5'-TCAAAATATGTG
TACGTTGTGGGCA-3'; reverse, 5'-AGATTTCTCCAATGCATA
GCTGGTG-3'), Ili3 primary (forward, 5'-GAGCTGAGCAACATC
ACACAAG-3'; reverse, 5'-GCTTCGTCTGTCACTCACAC-3'), II5
(forward, 5'-AGCAATGAGACGATGAGGCT-3'; reverse, 5'-CCC
ACGGACAGTTTGATTC-3'), Il6 (forward, 5'-ACAACCACGGCC
TTCCCTACTT-3'; reverse, 5'-CACGATTTCCCAGAGAACATGTG-
3'), I3 (forward, 5'-TGTGTCTCTCCCTCTGACCC-3’; reverse,
5'-TCCAGGGCTACACAGAACCC-3'), 1133 (forward, 5'-TCCAAC
TCCAAGATTTCCCCG-3'; reverse, 5'-CATGCAGTAGACATGGCA
GAA-3'), Csf2 (forward, 5'-ATGCCTGTCACGTTGAATGAAG-
3'; reverse, 5'-GCGGGTCTGCACACATGTTA-3'), and Zfp36
(forward, 5'-TCTGCCATCTACGAGAGCCT-3'; reverse, 5'-GTT
CCAAAGTCAGGGTCCAC-3') were measured using real-time
gPCR with SsoAdvanced Universal SYBR Green SuperMix
(Bio-Rad) and an StepOnePlus Real-Time PCR System (Applied
Biosystems). mRNA expression levels were normalized to those
of Actb (forward, 5'-ACTATTGGCAACGAGCGGTTC-3'; reverse,
5'-GGATGCCACAGGATTCCATAC-3).

Stability of mRNA

ILC2s isolated from mesentery were first cultured with 10 ng/ml
rmlIL-33 for 2 h. Actinomycin D (5 ug/ml) was then added to the
culture medium with 10 uM SB203580 under IL-33-stimulated
condition, and total RNA was extracted at 0, 0.5, 1, and 2 h after
actinomycin D treatment. In retroviral transduction analysis,
the infected ILC2s were cultured with 10 pg/ml actinomycin D,
and total RNA was then extracted at 0, 1, 2, and 4 h after acti-
nomycin D treatment. ILC2s isolated from the lung of Zfp36*/+
and Zfp36~/~ mice were cultured with only 10 pg/ml actinomycin
D, and total RNA was then extracted at 0, 0.5, 1, and 2 h after
actinomycin D treatment. Extracted RNAs were subjected to
real-time qPCR to determine II5, Il6, and IlI3 expression levels.

IL-33 injection

Mice were administered once i.n. with 100 ng rmIL-33 in PBS or
PBS alone. At 24 and 72 h after IL-33 administration, ILC2s were
sorted from the lungs of these mice for RNA extraction.

Isolation of MEFs

Dissected mouse embryos (embryonic day [E] 15) from the
uterus of plugged C57BL/6N mice were placed in a 100-mm
tissue culture dish containing sterile PBS. The embryos were
transferred to a clean dish with fresh PBS after removing the
head and internal organs. Subsequently, embryos were trans-
ferred to a clean 100-mm tissue culture dish containing 5 ml
0.05% trypsin/EDTA solution (Gibco) and minced into small
pieces using scissors. Tissues were transferred into a 50-ml tube
while washing with 0.05% trypsin/EDTA up to 30 ml and in-
cubated at 500 rpm on a rotary shaker at 37°C for 5 min.
Thereafter, the contents were pipetted vigorously four times
with a 25-ml pipette to lyse the digested tissues. The incubation
and pipetting steps were repeated once. DMEM (Sigma-Aldrich)
with 10% FCS (Bovogen Biologicals), 100 U/ml penicillin and
100 pg/ml streptomycin, 1x nonessential amino acids (MEF
culture medium), and DNase I was added to the cell suspension.
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The 50-ml tube was incubated for 15 min at 25°C to allow large
tissue pieces to settle to the bottom. The supernatant was
transferred, avoiding large tissue pieces, into a new 50-ml tube
and centrifuged at 1,500 rpm for 5 min at 4°C. The pellet was
then washed with MEF culture medium. After aspirating the
supernatant, the pellet was resuspended in 10-50 ml fresh MEF
medium and transferred to 100-mm tissue culture plates with
approximately one embryo per plate. Media were added to a
final volume of 10 ml/plate. Cells were cultured at 37°C under 5%
CO, until confluent and frozen with CELLBANKER (Nippon
Zenyaku Kogyo Co.). For reporter assays, MEFs that had been
thawed and passaged at least once were used. MEFs were cul-
tured in MEF complete medium at 37°C under 5% CO..

Reporter assay

MEFs or HEK293T cells were transfected with the pGL3-
promoter plasmid combined with the pMX-IRES-GFP plasmid
using FUuGENE 6 according to the manufacturer’s instructions
and were subjected to lysis after 48 h and 24 h, respectively.
Luciferase activity in the lysates was determined using the Dual-
Luciferase Reporter Assay System (Promega). A Renilla lucifer-
ase reporter vector was also transfected and used as an internal
control in every experiment. Relative luciferase activity was
normalized to that of the Renilla luciferase.

Western blotting

Lung tissue samples were suspended in the radioimmunopre-
cipitation assay buffer supplemented with protease inhibitors
(Roche) and were homogenized using a biomasher (Nippi Col-
lagens). Proteins (1 mg) were separated via SDS-PAGE and then
transferred onto polyvinylidene difluoride membranes (Merck).
The membranes were blocked with 5% nonfat milk in Tris buffer
(pH 8.0) followed by incubation with anti-TTP (1:1,000, ABE285;
Merck) and anti-B-actin (1:1,000, sc-47778; Santa Cruz Bio-
technology) in Immuno-enhancer Reagent A (Fujifilm) overnight
at 4°C. After the completion of washing steps, the membranes
were incubated with HRP-conjugated anti-mouse IgG (Cell Sig-
naling Technology) and anti-rabbit IgG (Cell Signaling Technology),
respectively, in Immuno-enhancer Reagent B for 1 h. After
the washing steps, blots were visualized with an enhanced
chemiluminescence substrate (PerkinElmer) and detected
using a ChemiDoc Touch Imaging System (Bio-Rad).

Competitive BM transplantation

Recipient Il2rg~/~Rag2~/~ mice were irradiated with 2 Gy and
transplanted with 5 x 106 BM cells from B6.SJL (CD45.1) mice
and 5 x 10° BM cells from Zfp36~/~ (CD45.2) mice. At 11-12 wk
after transplantation, the indicated cells were analyzed in the
lungs and SI.

RNA sequencing

Lin~ c-Kit* Sca-1* ILC2s were sorted from the mesentery of
C57BL/6N mice. ILC2s were stimulated with 10 ng/ml IL-33 for
48 h to induce activation. CD4* T cells as Thyl.2* CD4*, CD8*
T cells as Thyl.2* CD8*, B cells as CD19*, NK cells as NK1.1*
Thyl.2-, dendritic cells as CD11bM F4/80* Gr-1- MHC class ITM
Siglec-F- CD11c™, eosinophils as CD11b™ F4/80* Gr-1'° MHC class

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20210181

10 of 12


https://doi.org/10.1084/jem.20210181

II- Siglec-F* CD1lc", and macrophages as CD11bM F4/80* Gr-1°
MHC class II~ Siglec-F- CD11c~ were sorted from the spleens of
C57BL/6N mice. Mast cells as c-Kit* FceRIa* CD49b~ were in-
duced from the BM cells of C57BL/6N mice by culturing with
10 ng/ml rmIL-3 for 4 wk. T cells were isolated from CD4*
CD62L* splenocytes of C57BL/6N mice using the CD4* CD62L*
T Cell Isolation Kit II (Miltenyi Biotec). T helper 1 (Thi) cells
(cultured with 1 ug/ml anti-CD28, 10 ng/ml anti-IL-4, 10 ng/ml
rmlIL-12), Th2 cells (cultured with 1 ug/ml anti-CD28, 10 ng/ml
anti-IL-12, 10 ng/ml anti-IFNy, 10 ng/ml rmIL-4), and Thi7 cells
(cultured with 1 pg/ml anti-CD28, 30 ng/ml rmIL-6, 3 ng/ml
rmTGF-B) were induced from naive T cells for 7 d on a 5 ug/ml
anti-CD3e-coated plate. LTi cells as CD19- Thyl.2* CD45* were
sorted from a4f7M c-Kit* CD127* progenitors in fetal livers (E13)
cultured with 5 ng/ml rmIL-7 and TSt4/N cells for 16 d. Two
independent samples were prepared for each cell population,
except for dendritic cells, eosinophils, and macrophages. RNA
was isolated with ISOGEN (Nippon Gene) or TRIzol LS (Thermo
Fisher Scientific), and cDNA libraries were prepared using the
TruSeq RNA Sample Preparation Kit v2 (Illumina) according to
the manufacturer’s “low sample” protocol. A HiSeq 1500 System
(Mlumina) was used for 50 single-end-base sequencing. Se-
quenced reads were trimmed for adaptor sequences and masked
for low-complexity or low-quality sequences followed by map-
ping to the reference genome (mm9 assembly of the mouse
genome) using Bowtie2 software version 2.1.0 and TopHat2
software version 2.0.8, respectively. The abundance of tran-
scripts was estimated as fragments per kilobase of exon per
million fragments mapped values using Cufflinks software
version 2.1.1. EdgeR software was used to calculate differentially
expressed genes and MA plots. RNA sequencing data of ILC2s,
CD4 T cells, CD8 T cells, and NK cells were reported in a previous
study (Miyajima et al., 2020). Data are available in the National
Center for Biotechnology Information Gene Expression Omnibus
under accession no. GSE184841.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6
(GraphPad Software). Student’s t test, with or without Welch’s
correction, was used to determine statistically significant dif-
ferences between two groups. One-way ANOVA with the Tukey-
Kramer post hoc test was used to compare more than two groups.
All reported P values were based on two-tailed tests.

Online supplemental material

Fig. S1 shows the expression of Zfp36 in ILC2s and a schematic of
II5 and IlI3 3" UTRs. Fig. S2 shows additional experiments
demonstrating the phenotype of Zfp36~/~ mice.
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Figure S1.  TTP overexpression in ILC2s and 3’ UTR of II5 and I113. (A) Expression levels of Zfp36 in freshly isolated ILC2s from the mesentery and in the
infected ILC2s as shown in Fig. 3 A were measured by qPCR. (B) Schematic of /I5 and /l13 3’ UTR. AREs indicated in red.
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Figure S2. Generation and phenotypic analysis of Zfp36~/~ mice. (A) Single guide RNA (sgRNA) target sequences. (B) Scheme of the Zfp36 allele. The Zfp36
cleavage sites were genetically trimmed using CRISPR/Cas9-mediated homology-directed repair. The Zfp36/~ allele contains a premature stop codon in exon 2.
(C) Genomic PCR analysis was performed using genomic DNA derived from the tail of Zfp36*/* or Zfp36~/~mice. The Zfp36+/* and Zfp36~/~ alleles were detected
as 466-bp and 399-bp PCR products, respectively. (D) Expression levels of Zfp36 in the lung tissues and Sl of Zfp36*/* and TTP~/~ mice, as measured by qPCR.
(E) Western blot analysis of TTP protein levels in the SI of TTP*/* and TTP~/~ mice. (F) Body weights of the 12-wk-old male Zfp36*/* and Zfp367/~ mice.
(G) Absolute numbers of T cells, B cells, CD11b*Gr-1* cells, GMPs, and CLPs in the spleen and BM of the Zfp36*/* and Zfp36~/~ mice. (H) Concentrations of
secreted IgA in the Sl of Zfp36*/* and Zfp36~/~ mice, as detected by ELISA. (1) Expression of 133 in the whole-lung samples and Sl of Zfp36*/* and Zfp36~/~ mice,
as measured by qPCR. Data are representative of two independent experiments (mean + SEM of n =3 orn = 4 in D and G-I). *, P < 0.05; **, P < 0.01

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20210181

Hikichi et al.
Tristetraprolin regulates ILC2 homeostatic function

S2


https://doi.org/10.1084/jem.20210181

	Posttranscriptional regulation of ILC2 homeostatic function via tristetraprolin
	Introduction
	Results and discussion
	IL
	ILC2s highly express the RBP TTP under steady
	TTP negatively regulates IL
	TTP defect upregulates constitutive IL

	Materials and methods
	Mice
	Cell preparation
	Antibodies and reagents
	Flow cytometry
	In vitro ILC2 culture and cytokine quantification
	Plasmid
	Retroviral transduction
	Reverse transcription and qPCR
	Stability of mRNA
	IL
	Isolation of MEFs
	Reporter assay
	Western blotting
	Competitive BM transplantation
	RNA sequencing
	Statistical analysis
	Online supplemental material

	Acknowledgments
	References

	Outline placeholder
	Supplemental material


