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p38a-elF6-Nsun2 axis promotes ILC3’s rapid
response to protect host from intestinal
inflammation

Jida Huang?3**@®, Jing Zhang"?>**@®, Panwei Song">>*@®, Jiaoyan Huang">3®, Zi Yang°®, Jiahuai Han®®, Li Wu»>»3*@®, and
Xiaohuan Guo¥234’@®

Group 3 innate lymphoid cells (ILC3s) are important for maintaining gut homeostasis. Upon stimulation, ILC3s can rapidly
produce cytokines to protect against infections and colitis. However, the regulation of ILC3 quick response is still unclear. Here,
we find that elF6 aggregates with Nsun2 and cytokine mRNA in ILC3s at steady state, which inhibits the methyltransferase
activity of Nsun2 and the nuclear export of cytokine mRNA, resulting in the nuclear reservation of cytokine mRNA. Upon
stimulation, phosphorylated p38a phosphorylates elF6, which in turn releases Nsun2 activity, and promotes the nuclear export
of cytokine mRNA and rapid cytokine production. Genetic disruption of p38a, Nsun2, or elF6 in ILC3s influences the mRNA
nuclear export and protein expression of the protective cytokines, thus leading to increased susceptibility to colitis. Together,
our data identify a crucial role of the p38a-elF6-Nsun2 axis in regulating rapid ILC3 immune response at the posttranscriptional

level, which is critical for gut homeostasis maintenance and protection against gut inflammation.

Introduction

Inflammatory bowel disease (IBD), also known as ulcerative
colitis and Crohn’s disease, has steadily increased its burden on
public health in both developed and developing countries
(Kaplan, 2015). Although multiple pathological mechanisms
have been identified in IBD, the pathogenesis of the disease is
still poorly understood. Interactions between host and envi-
ronmental factors are important in the development and pro-
gression of IBD (Lavelle and Sokol, 2020). Among the host
factors, the intestinal mucosal immune system plays a major role
in maintaining intestinal homeostasis. In addition to harboring
many harmless symbiotic bacteria and food antigens, the in-
testinal tract is also often challenged by pathogenic micro-
organisms. It is therefore necessary for the intestinal mucosal
immune system to respond efficiently and differently to dif-
ferent environmental stimuli to prevent excessive inflammation
and fight infection. Dysregulation of intestinal mucosal immu-
nity always leads to infectious or inflammatory diseases, in-
cluding IBD. Within gut tissue, a significant component of
mucosal immunity is the group 3 innate lymphoid cell (ILC3), a

group of recently defined lymphocytes lacking expression of
rearranged antigen-specific cell receptors. ILC3s predominantly
accumulate in the gut, where they serve as sentinels to maintain
gut homeostasis (Goldberg et al., 2015). A study has shown that
IBD patients have a reduced number of ILC3s and dysregulated
ILC3 functions (Goc et al., 2021). ILC3s are capable of rapidly
responding to environmental signaling, such as cytokines,
metabolic signals, and microbiota (Goldberg et al., 2015), and
producing a series of effector molecules, such as IL-22, GM-CSF,
and IL-17A. Through these effector molecules, ILC3s interact
with many other cells within the mucosal environment and play
crucial roles in various infectious and inflammatory diseases
(Castellanos et al., 2018; Guo et al., 2014; Hu et al., 2023; Huang
et al., 2022; Wang et al., 2020, 2023). However, the specific
mechanism by which ILC3s acquire the ability to respond rapidly
to environmental cues remains unknown.

The MAPK signaling pathway plays an essential role in en-
abling cells to sense extracellular signals and orchestrate ap-
propriate responses. MAPK activation has been observed in the
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gut tissues of both UC and CD patients (Waetzig et al., 2002).
Notably, the p38MAPK-NF-kB pathway is pivotal for regulating
the expression of inflammatory mediators such as Tnfa, Cox2,
and Il1b (Coskun et al., 2011), suggesting that inhibiting MAPKs,
particularly p38MAPK, may have therapeutic benefits. How-
ever, both clinical trials and animal experiments have demon-
strated a dichotomous role for p38MAPK inhibition in colitis
(Coskun et al., 2011; ten Hove et al., 2002), indicating that
P38MAPK may play distinct roles in different cells within the
gut environment. The specific features of p38MAPK in different
intestinal cells need to be further investigated.

In this study, we observed that p38MAPK signaling is signifi-
cantly activated in intestinal ILC3s in a model of dextran sodium
sulfate (DSS)-induced colitis. Further research suggests that p38a
plays a critical role in the rapid cytokine production by intestinal
ILC3s. Specific p38a deletion in ILC3s causes increased intestinal
inflammation. Mechanistically, upon stimulation, phosphorylated
p38a quickly enters the nucleus, regulates the elF6/Nsun2/mRNA
paraspeckle complex, and promotes the rapid nuclear export and
translation of cytokine transcripts in ILC3s, suggesting that the
p38-elF6-Nsun2 pathway may be a potential target for modulat-
ing ILC3 function and treating intestinal inflammatory diseases.

Results

p38a in hematopoietic cells protects mice from DSS-induced
colitis

To assess the role of MAPKs in colitis, we examined the acti-
vation levels of different MAPK members in the colon tissue of
mice treated with DSS. 3 days after exposure to 3% DSS, in-
creased p38a phosphorylation was primarily observed in CD45*
immune cells (Fig. SI1 A), in contrast to predominant ERK and
JNK signaling in EpCAM* colonic epithelial cells (Fig. S1, B and
C), suggesting a potential role of p38a in immune cells during
the development of DSS-induced colitis. Thus, hemopoietic p38a
deletion VavicrsMapki4/fl mice were generated to determine the
role of p38a in colitis. In comparison with their littermate
control Mapki4®?/? mice, VavireMapki4f/f! mice experienced
more severe body weight loss and higher mortality rates after
receiving DSS treatment (Fig. 1, A and B). To explore which
immune cell was regulated by p38a in colitis, p38a phosphor-
ylation in different immune cell types after DSS exposure
was examined. Interestingly, ILC3s exhibited significant p38a
phosphorylation upon DSS exposure, as evidenced by flow cy-
tometry and immunofluorescence staining (Fig. 1, C and D), in-
dicating that p38a is activated in ILC3s during early colitis.
Consistently, multiple proinflammatory cytokines including IL-
1B and IL-23 were able to significantly activate p38a phosphor-
ylation in ILC3s in vitro (Fig. 1 E). To examine the effect of p38a
activation in ILC3s, colonic ILC3s from naive mice or mice with
DSS-induced colitis were isolated and their cytokine production
was assessed. The deficiency of p38a significantly restricted the
production of IL-22 and GM-CSF by ILC3s from mice treated
with or without DSS (Fig. 1, F and G). Together, these data in-
dicate that the p38a signaling is activated in ILC3s during colitis
development, and p38a in hematopoietic cells is required for the
protection against DSS-induced colitis.

Huang et al.
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p38a in ILC3s is crucial for maintaining intestinal homeostasis
and preventing intestinal inflammation

To further verify the intrinsic role of p38a in ILC3s,
RorcereMapki41/f mice were generated to specifically delete p38a
in RORyt* cells, including ILC3s and T cells. In the naive state,
the deficiency of Mapkl4 didn't affect the development of ILC3
subsets, proliferation, and cell viability (Fig. S2, A-C). In line
with the phenotypes observed in Vavi*sMapk14/f mice (Fig. 1, A
and B), Rorcc**Mapki4/f mice developed more severe colitis than
Mapki4%/f mice after DSS challenge, as evidenced by more body
weight loss, shorter colons, and more severe colon pathology
(Fig. 2, A-C). p38a-deficient ILC3s also exhibited a significant
reduction of IL-22 and GM-CSF production by flow cytometry
(Fig. 2 D). To exclude the effect of p38a defect in T cells in
Rorc*eMapki41f mice, Cd4**Mapki4/? mice were generated
and challenged with DSS-induced colitis. Compared with control
mice, Cd4°rMapki4?/f mice displayed slightly less body weight
loss and longer colons (Fig. 2, E and F), suggesting that p38a in
T cells is not required for the protection against DSS-induced
colitis. Moreover, IL-22 supplementation significantly amelio-
rated colitis in Rorc*Mapki4?/ mice (Fig. 2, G and H) Inter-
estingly, at around 20 wk of age, Rorc**Mapkl14f/fl mice
developed spontaneous colon inflammation, characterized by
abnormal colon structure and histological score (Fig. 2 I). Col-
lectively, these data demonstrate that p38a in ILC3s is essential
for maintaining intestinal homeostasis and preventing colon
inflammation.

p38a promotes rapid cytokine production in ILC3s through a
posttranscriptional mechanism

To determine how p38a controls ILC3 response, we first ex-
amined the level of mRNA expression of various cytokines in the
colonic tissues of DSS-treated Rorc*Mapkl4/f! mice and control
Mapk14/% mice. In accordance with previous findings (Fig. 2,
A-C), RorcreMapk14®/% mice showed higher levels of proin-
flammatory cytokines, such as Ilib, 1l6, and Ccl2 than control
mice (Fig. S2 D). However, IL22 and GM-CSF mRNA expression
levels were comparable between Mapki4?/fl and RorcereMapk147/4
mice (Fig. S2 D), which is inconsistent with their protein ex-
pression levels in ILC3s, implying that p38a regulates ILC3 cy-
tokine production through a posttranscriptional mechanism. To
elucidate the underlying mechanisms, ILC3s were isolated and
stimulated with IL-1B at different time points (0, 5, 15, 60,
120 min) in vitro, and the kinetics of p38a activation and IL-22
production were assessed by western blot and ELISA, respec-
tively. IL-1B treatment robustly increased p38a phosphorylation
within 5 min (Fig. 3, A and B) and significantly promoted IL-22
production within 30 min (Fig. 3 B), suggesting that p38a acti-
vation may facilitate the rapid response of ILC3s. Additionally,
compared with the control cells, p38a-deficient ILC3s did not
show any reduction of the expression of the IL-1B receptor or
significant induction of the expression of negative p38a regu-
lator DUSP1/4/8 (Fig. S2, E and F), suggesting that the impaired
response in p38a-deficient ILC3s might not be the result of the
defective IL-1 receptor machinery or an elevated negative reg-
ulation of cytokine translation. Interestingly, compared with the
control group, ILC3s treated with a-amanitin, a specific inhibitor
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Figure 1. p38a in hematopoietic cells protects mice from DSS-induced colitis. (A-C) 8-wk-old mice were given 3% DSS in drinking water for 6 days,
followed by normal drinking water. The body weight change (A) and survival (B) of Vavic® Mapk14f (n = 5) and their littermates Mapk14" mice (n = 6) were
measured. (C) At day 3 after DSS treatment, the colonic LPLs from wild type mice (n = 4) were isolated and analyzed by flow cytometry. Representative flow
cytometry and mean fluorescence intensity (MFI) of p-p38 in Th (gating in CD45*CD90*CD3*CD4*), neutrophil (gating in CD45*Gr-1*CD11b*), DC (gating in
CD45*MHCII*CD11c*), macrophage (M®, gating in CD45*F4/80*CD11b*), and ILC3s (gating in CD45°CD90Me) were shown. FMO represents fluorescence
minus one control. (D) Rorcg™/* reporter mice were exposed to 3% DSS for 3 days. Phosphorylated p38a in RORyt*TCRB" ILC3s from colon was shown. Scale
bars, 20 pm. (E) The isolated LPLs from the small intestine and colon were stimulated with different stimuli for 60 min in vitro and p-p38 in ILC3s (gating in
CD45'°%CD90Me) was measured by flow cytometry. MFls of p-p38 were shown. FMO represents fluorescence minus one control. (F) Representative flow
cytometry and pooled analysis of IL-22 and GM-CSF production by ILC3s (gating in CD45*CD90*TCRB~RORyt*). The colonic LPLs from naive VaviceMapk147/f
(n = 6) or Mapk14™/" (n = 6) littermate mice were in vitro-stimulated by PMA/ionomycin. (G) 8-wk-old VaviceMapk14"f (n = 7) and their littermates Mapk14/f
(n = 4) were given 3% DSS in drinking water. At day 3, after DSS treatment, the colonic LPLs were ex vivo-stimulated by PMA/ionomycin and representative
flow cytometry, and pooled analysis of IL-22 and GM-CSF production by ILC3s (gating in CD45*CD90*TCRB-RORyt*) were shown. Data are representative of
one of two independent experiments (A-E). Each symbol represents an individual mouse from two pooled experiments (F and G). Data are mean + SEM and
two-tailed Student’s unpaired t test (A, F, and G), log-rank (Mantel-Cox) test (B) were used for statistical analysis. *P < 0.05, **P < 0.01, ****P < 0.0001, ns, no
significant difference.

Huang et al. Journal of Experimental Medicine
p38a-elF6-Nsun2 axis promotes ILC3 rapid response https://doi.org/10.1084/jem.20240624

920z Areniged 60 uo 1senb Aq jpd'1,290¥20Z Wel/6095€61/¥290¥2028/L/2zz/spd-ajoie/wal/bio ssaidny//:dpy woy papeojumoq

30f19


https://doi.org/10.1084/jem.20240624

A —— Mapk14".cTL B C R
cre fifl Mapk14A
—*—  Rorc""Mapk14™"-CTL °  Mapk1 40 ® 2 |_|
1ilil i =
Mapki4 "-3%DSS O Rorc™Mapk14™ I
—a— ROI’CCfeMapk14 -3%DSS 10 ns - 10
o = id 8
Bedf1 L}
& 10+ £ 6 o S X
2 o] G 8 &
2 10 5 &
2 20 3 2 S
8 3% DSS | O 0 \\0@\\
I $
X _ )
0 2 ‘;6 8 10 CTL 3% DSS v
ay
D % * 8 "
* @ 00966 & ] <
" ™ =
Mapk14V1  Rorc™ Mapk14" & go 2 5000 88, 55000 |
o 9 & 4000 = 50 4000
L s © < 3000 H °o 23000 o
f N = 2 =
Q § 40 S 2000 o & 2000
- 2 20 » 1000 5 4 51000
o Q - » 0
- 0 Q 0 5 0 1)
= & & 5 & &= & & E NI
& X = Ax A A AX 3 Ax AX
Q\‘:\ Q\‘:\ S S R
NN Wetl Wet Wett
@ & & S
‘8 (Cl O&G 0‘0
& & & &
E F G I H
—&—  Mapk14" —*~ Mapk147-PBS 109w w
- - =~ Rorc™Mapk14"-PBS !
Cd4“*Mapk14" & :| £ 84 .° o
9 g =" Rorc®Mapk14""IL-22 5
5 = g ] < 6
5 5 5 0 )
= £ o g L,
g E 2 s
= @ g -20 2 5
=) 5 2z -301— O
8 W‘ — g 8 3% DSS ol
5 0 T T T 1
o 0 2 4 6 8 10 §\<‘§‘ B 0 2 4 6 8 10 Q,QQ’%Q'}/
g TR
o £
@@ N N ,\b&
5 i & & &
® °  Mapk14 KA
Q@
o Rorc®Mapk14" & @;‘
10 * % <2_0 3
| o
Mapk 141 RorceeMapk1 4 8
85
g
§ [¢]
L
T o

Figure2. p38a in ILC3s is crucial for maintaining intestinal homeostasis and preventing intestinal inflammation. (A-C) 8-wk-old mice were exposed to
3% DSS for 6 days. (A) Body weight change curves of DSS-treated (Rorc<"eMapk14™/%, n = 13; Mapk14™f, n = 13) or control mice (RorccMapk14"f, n = 9;
Mapk14"%, n = 10) were shown. (B) The colon length of DSS-treated (RorceMapk14™/%, n = 7; Mapk14"V®, n = 5) or control mice (RorceeMapk14V/%, n = 4;
Mapk14"%, n = 3) were measured. (C) The colons of Rorc®Mapk14f/fl (n = 6) and Mapk14™/f mice (n = 6) were collected for H&E staining at day 10 after DSS
treatment. Gross morphological changes of colons and colitis score were shown. Scale bars, 250 um. (D) Representative flow cytometry and pooled analysis of
IL-22 and GM-CSF production by ILC3s (gating in CD45*CD90*TCRB-RORyt*) from colonic LPLs of Rorc<"Mapk14Vf (n = 4) or Mapk14"f (n = 4) littermate mice
after 3 days of DSS exposure. (E and F) Cd4<Mapk14™/% (n = 7) and Mapk14™/" (n = 7) mice were given 3% DSS in drinking water for 6 days. Body weight change
curves (E) and colon length (F) were shown. (G and H) 8-wk-old Mapk14™/f or Rorc"sMapk14™" mice were administrated with PBS or IL-22 and treated with 3%
DSS for 6 days (PBS-RorcMapk14™/f, n = 3; PBS-RorceMapk14™/f, n = 4, Mapk14™/f, n = 6). Body weight changes (G) and the colon lengths (H) were shown.
(1) Representative colonic histology and colitis score of naive Rorc®Mapk14™/f (n = 4) and littermate mice (n = 4) around 20-wk old. Scale bars, 250 um. Data
are representative of one of two independent experiments (D, G, and H). Two experiments were pooled together (A, C, E, and I). Each dot (B-I) represents one
individual mouse. Data are mean + SEM, and two-tailed Student’s unpaired t test (A-1) were used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001; ns,
no significant difference.
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Figure 3. p38a promotes rapid cytokine production through regulating mRNA nuclear export in ILC3s. (A and B) ILC3s sorted from murine small
intestine and colon (gated in 7-ADD~CD45°*CD90*) were treated with IL-1 at different time points. (A) Protein levels of total and phosphorylated p38a were
shown. Tubulin was detected as a loading control. (B) IL-22 in the culture supernatant was examined by ELISA. The concentration of IL-22 and activation of
p38a comparison in time course. (C) LPLs from the small intestine and colon lamina propria were pre-treated with or without a-Amanitin and then stimulated
with IL-1B and IL-23 in vitro. The production of IL-22 and GM-CSF were detected by ELISA after 18 h stimulation. (D) ILC3s were sorted from the small intestine
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and colon LPLs of Ragl~/~Mapk14™/f and Ragl~/-Vavi="*Mapk14V mice and then were stimulated with IL-13 and IL-23 for 18 h. The protein (left) and mRNA
expression levels (right) of IL-22 and GM-CSF were examined by ELISA and qPCR. (E) The diagram of TurbolD-based proximity labeling for capturing the p38a-
interactome. (F) The GO differential analysis of p38a-interactome between control and IL-1B treatment group. (G) Representative immunofluorescence images
of p-p38 in ILC3s. The sorted ILC3s (gated in 7-ADD~CD45'°¥CD90"e") were stimulated with or without IL-1B for 5 min in vitro. Scale bars, 4 um. (H) ILC3s
(gated in 7-ADD~CD45'°“CD90"e") sorted from the small intestine and colon of Ragl/~Mapk14™/® and Rag1~/~Vavi"*Mapk14V mice were stimulated with or
without IL-1B. The nuclear and cytosol mRNA were fractionated and the distribution of transcripts were analyzed by qPCR. The cytosol fractions in each group
were compared for statistical analysis. (I and J) The vectors containing I122/Csf2 CDS or CDS+3’UTR were delivered into 293T cells. (I) The mRNA and protein
expression levels of IL-22 and GM-CSF were examined by qPCR (left) and ELISA (right). (J) The nuclear and cytosol mRNA were fractionated and analyzed by
qPCR. Data are representative of one of two independent experiments (A-D and G-J). Each dot (C, D, and I) represents one biological replicate. Data are mean +
SEM and statistical significance was tested by two-tailed Student’s unpaired t test (C, D, and H-J), *P < 0.05, **P < 0.0, ***P < 0.001, ****P < 0.0001; ns, no
significant difference. Source data are available for this figure: SourceData F3.

of RNA polymerase II blocking RNA synthesis, showed no re-
duction in IL-22 and GM-CSF production following IL-1f or IL-23
stimulation (Fig. 3 C and Fig. S2 G), suggesting that the rapid
cytokine response by ILC3s is independent of new transcript
synthesis. Moreover, compared with cells from Mapki4f/
mice, intestinal lamina propria leukocytes (LPLs) from
Rorcer*Mapk14/f mice exhibited lower protein secretion levels,
but higher mRNA expression levels, of IL-22 and GM-CSF after
IL-1B or IL-23 treatment in vitro (Fig. S2, H-J). Consistently,
sorted p38a-sufficient and p38a-deficient ILC3s displayed sig-
nificantly different levels of 1L-22 and GM-CSF protein expres-
sion, but similar mRNA expression levels after IL-18 stimulation
in vitro (Fig. 3 D). Additionally, the IL-17A and IFNy production
was also significantly reduced by p38a-deficient ILC3s (Fig.
S2 K), suggesting p38a regulates a variety of cytokine expres-
sion in ILC3s. Since IL-23 is also considered a major stimulatory
molecule for ILC3s, the kinetics of IL-22 production at both protein
and mRNA levels were examined in isolated ILC3s stimulated with
IL-23 at different time points in vitro. Although the II22 mRNA
level was higher in p38a-deficient ILC3s than control ILC3s at a
late time point, the IL-22 protein production was significantly
reduced in p38a-deficient ILC3s after IL-23 stimulation (Fig. S2 L),
indicating that p38a is also required for the optimal IL-23-medi-
ated cytokine production in ILC3s. However, compared with un-
treated ILC3s, IL-23 was still able to promote IL-22 production in
Mapki4-deficient ILC3s, suggesting an alternative IL-23-mediated
pathway for cytokine generation in ILC3s. Interestingly, Mapkl4
deficiency also led to decreased production of IL-5 in ILC2s and
IFNy in ILCls at both protein and mRNA levels (Fig. S2 M), indi-
cating that p38a plays a role in all ILCs but may do so through
different mechanisms. Together, these data support that p38a may
enable ILC3s to initiate a rapid immune response to environ-
mental cues through a posttranscriptional mechanism.

p38a nuclear localization promotes nuclear export of the
cytokine mRNA in ILC3s after IL-18 stimulation

MAPKAP-K2 (MK2) is the most well-known p38a substrate and
can directly inactivate eEF2K and promote translation (Ronkina
et al., 2019; Stoecklin et al., 2004). Thus, to further determine
whether the p38a-MK2 axis governs the posttranscriptional
regulation of ILC3 cytokine production, intestinal LPLs were
treated with two different p38a inhibitors: SB203580, which
inhibits p38 MAPK catalytic activity by binding to the ATP-
binding pocket and CMPD1, which is a selective and non-
ATP-competitive p38MAPK-mediated MK2 phosphorylation
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inhibitor. Interestingly, only SB203580, but not CMPD], sig-
nificantly suppressed the expression of IL-22 and GM-CSF by
ILC3s (Fig. S3 A), indicating that p38a regulating the ILC3 rapid
response might be independent of MK2. Enzyme-catalyzed
proximity labeling (PL), such as TurboID labeling (Branon
et al., 2018), is an effective approach to studying rapidly dy-
namic interactions, such as enzyme—substrate interactions. To
investigate the downstream mechanism of p38a in ILC3s,
TurboID-based PL of p38a was performed in MNK-3 cells, an
ILC3 cell line (Allan et al., 2015), with or without IL-1B stimula-
tion (Fig. 3 E and Table S1). According to gene ontology (GO)
differential analysis of mass spectrometry (MS) data, the p38a-
interactome revealed an enrichment in the RNA export pathway
and regulation of the mRNA processing pathway upon IL-18 stim-
ulation, while p38a showed more interactions with proteins in-
volved in ribosome biogenesis pathway without IL-1B treatment
(Fig. 3 F and Table S2). Many components of the RNA export
pathway and RNA processing pathway reside in the nucleus, and
immunofluorescence analysis also suggested that phosphorylated
p38a was primarily located in the nucleus after IL-1B stimulation
(Fig. 3 G), indicating that p38a. might translocate into nuclear and
promote cytokine mRNA export or processing upon stimulation.
Since we found that the majority transcripts of 122 and Csf2
might be mature mRNA through reverse transcription PCR (RT-
PCR) with specific primer pairs that spanned the intron (Fig. S3
B), the subcellular proportion of mRNA localization was further
examined. The mRNA subcellular fractionation analysis showed
that a majority of 1122 and Csf2 mRNA was located in the nucleus
of naive ILC3s and then were exported into cytosol upon IL-
1B stimulation in control ILC3s (Fig. 3 H). However, in p38a-
deficient ILC3s, most of the mRNA for 122 and Csf2 was trapped
in the nucleus following IL-1B stimulation (Fig. 3 H), suggesting
that the IL-1B-p38a axis controls nuclear export of the cytokine
mRNA to cytosol in ILC3s. Collectively, these data indicate that
p38a may drive rapid ILC3 responses by facilitating nuclear
export of the cytokine mRNAs upon environmental challenge.
Various mechanisms mediate mRNA retention in the nu-
cleus, such as retained introns (Wegener and Muller-McNicoll,
2018). Beyond the intron cis-elements, cis-elements within the
3’ untranslated region (3'UTR) are also involved in regulating
mRNA localization (Andreassi and Riccio, 2009). Since the ma-
jority of the transcripts of 1122 and Csf2 are mature mRNA in
ILC3s, we examined whether the 3'UTR of 122 and Csf2 mRNA is
critical for their localization. The vectors containing IL-22 and
GM-CSF coding sequence (CDS) with or without their respective
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3'UTRs were overexpressed in 293T cells. Results showed that
the presence of 3'UTRs significantly reduced the protein pro-
duction of IL-22 and GM-CSF without affecting the abundance of
their mRNAs (Fig. 3 I). Additionally, mRNA subcellular frac-
tionation revealed that the 3'UTRs present in the cytokine-
expressing vectors enhanced RNA retention within the
nucleus (Fig. 3 J). Together, these data indicate that the 3'UTR
of 1122 and Csf2 mRNA may control cytokine production by
regulating mRNA nuclear export in ILC3s.

The IL-1B-p38a axis promotes nuclear export of mRNA and the
protein production of ILC3 cytokines by disrupting the elF6/
mRNA paraspeckle
Next, to investigate possible trans-elements that regulate the
3'UTRs of cytokine mRNAs for nucleus retention in ILC3s, bio-
tinylated IL-22 CDS mRNAs with or without 3'UTRs were
incubated with cell lysates from ILC3s treated with or without
IL-1B, and then mRNA binding proteins were isolated and ana-
lyzed by MS (Fig. 4, A and B). Eight proteins exhibited potential
interactions with the 3'UTR of IL-22 mRNAs in naive ILC3s but
not in ILC3s following IL-1B stimulation (Fig. 4, B and C; and
Table S3), indicating they may be candidates for regulating IL-22
mRNA nuclear retention in ILC3s. To determine the mechanism
of p38a-dependent regulation of mRNA nuclear retention, the
3'UTR-interactome and TurboID-p38a-interactome (Table S1)
were analyzed interactively (Fig. 4 C), revealing elF6 as a
promising candidate (Fig. 4 C). Co-immunoprecipitation (co-IP)
experiments with MNK-3 cells demonstrated that eIF6 could
interact with phosphorylated p38a (Fig. 4 D). Biacore surface
plasmon resonance (SPR) assay showed that purified p38a could
bind to purified elF6 with an affinity around 1.159 pM (Fig. 4 E),
further supporting their direct interaction. Moreover, combined
single-molecule fluorescent in situ hybridization (smFISH) and
immunofluorescent staining assays revealed that most IL-22
mRNA was located in the nucleus and colocalized with eIF6 in
naive MNK-3 cells (Fig. 4 F), indicating that eIF6 may interact
with IL-22 mRNA. Interestingly, we observed that elF6 was
distributed in spots within the nucleus of ILC3s (Fig. 4, F and G).
As trapping in the nuclear speckle or paraspeckle is one of the
mechanisms responsible for mRNA nuclear retention, we hy-
pothesized that eIF6 could regulate IL-22 mRNA nuclear reten-
tion through the formation of a puncta or speckle structure. In
line with our speculation, IL-1B stimulation significantly re-
duced the fluorescence intensity of eIF6 puncta (Fig. 4 G), pos-
sibly due to the translocation of eIF6 from the nucleus to
the cytoplasm (Fig. 4 H). More importantly, p38a inhibitor
SB203580 treatment completely blocked the effect of IL-1B on
elF6 translocation and nuclear puncta dissipation (Fig. 4, G and
H), indicating that p38a activation may directly impact eIF6
puncta in the ILC3 nucleus. Additionally, the purified eIF6 pro-
tein also displayed an increase in size relative to the prediction
according to size exclusion chromatography (Fig. S3 C), which
implies that eIF6 is self-aggregating. Together, these findings
suggest that elF6 may be an important component of the IL-
1B-p38a axis regulating cytokine mRNA nuclear export in ILC3s.
Further, overexpression of elF6 in MNK-3 cells significantly
decreased the production of IL-22 and GM-CSF proteins as
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compared with the control group (Fig. 4 I), and knockdown of eIF6
with shRNA significantly improved IL-22 and GM-CSF production
in MNK-3 cells (Fig. 4 J) as well as in p38a-deficient ILC3s
(Fig. 4 K). Additionally, mRNA subcellular fractionation analysis
revealed that overexpression of elF6 in MNK-3 cells significantly
enhanced RNA retention within the nucleus compared with the
control group (Fig. 4 L). Collectively, our data suggest that eIF6
may aggregate with cytokine mRNAs and retain them in the nu-
cleus of naive ILC3s, and activated p38a signaling could promote
cytokine mRNA nuclear export through regulating eIFé.

elF6 prevents nuclear export of cytokine mRNAs through
inhibiting the methyltransferase activity of Nsun2 in ILC3s
According to our previous analysis (Fig. 3 E and Table S1), the
p38a-interactome showed enrichment in the RNA export
pathway, including Nsun2. Nsun2 is an important RNA meth-
yltransferase that catalyzes the 5-methylcytosine (m°C) modi-
fication in mRNAs. This modification could be recognized by the
mRNA export adaptor and is essential for mRNA nuclear export
(Yang et al., 2017). Thus, we hypothesized that Nsun2 might be the
target of IL-1B-p38a-elF6 axis for cytokine mRNA export in ILC3s.
Co-IP assays confirmed that Nsun2 could interact with both
phosphorylated-p38a and elF6 (Fig. 5 A). Interestingly, after IL-
1B treatment, the interaction between Nsun2 and p-p38a was
enhanced, while the interaction between Nsun2 and eIF6 was
reduced in MNK-3 cells (Fig. 5 B), indicating that the interaction
between p38a and elF6 may influence the interaction between
Nsun2 and elF6. Furthermore, with combined smFISH and im-
munofluorescent staining assays, we observed that Nsun2 was
colocalized with IL-22 mRNA and elF6 puncta in naive MNK-3
cells (Fig. 5 C). IL-1B stimulation led to a dissipation of eIF6 puncta
and also a dissociation of IL-22 mRNA from Nsun2 and eIF6, with
increased IL-22 mRNA in the cytosol, which were all inhibited by
the addition of p38a inhibitor SB203580 (Fig. 5 C). Together, these
findings suggest that the IL-1B-p38a axis promotes IL-22 mRNA
nuclear export through eIF6 regulating Nsun2.

Next, to determine how elF6 regulates Nsun2, an RNA
methylation assay with purified elF6 and Nsun2 was conducted
in vitro, followed by high-performance liquid chromatography-MS
(HPLC-MS) for methylated cytosine detection. Results showed that
elF6 significantly decreased the ratio of methylated cytosine to
unmethylated cytosine (Fig. 5 D), suggesting that eIF6 could di-
rectly inhibit the methyltransferase activity of Nsun2 in vitro.
Moreover, an RNA dot blot with anti-m®°C antibody showed that IL-
1B stimulation could significantly induce mRNA m°C modification
in MNK-3 cells (Fig. 5 E and Fig. S3 D). And knockdown of eIF6
with shRNA dramatically increased the level of mRNA m°C mod-
ification (Fig. 5 E). Taken together, these data suggest that eIF6 may
prevent nuclear export of cytokine mRNAs through inhibiting
Nsun2 catalyzing mRNA m°C modification in ILC3s, while the IL-
1B-p38a axis could relieve this inhibition by regulating elF6.

elF6 may inhibit Nsun2 methyltransferase activity through
blocking the access of S-adenosyl methionine (SAM) to the
catalytic center

To further determine the specific mechanism of eIF6 inhibiting
Nsun2 enzyme activity, AlphaFold2 was used to predict the
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Figure 4. The IL-1B-p38a axis promotes mRNA nuclear export and protein production of ILC3 cytokines by disrupting the elF6/mRNA paraspeckle.
(A-C) The biotinylated /122 CDS mRNAs with or without 3'UTRs were incubated with cell lysates from ILC3s treated with or without IL-1B, and then mRNA
binding proteins were isolated and analyzed by MS. (A) The diagram of strategy for screening of IL-22 mRNA 3’UTR-interactome. (B) The mRNA-interactome
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identified by MS. (C) The Venn diagram shows the interactive analysis with the unique 3'UTR-interactome and TurbolD-p38a-interactome. (D) Western blot
analysis of the co-IP between p-p38a and elF6 in MNK-3 cells treated with or without IL-1B. (E) The binding affinity between p38a and elF6 was measured by
Biacore SPR assay. elF6 was attached to the CM-5 chips and the indicated flow phases were delivered to the Biscore system. (F) Representative images of
immunofluorescent staining of elF6 (red) and smFISH of 122 mRNA (cyan) in MNK-3 cells. Line traces (white arrow in merged inset) of fluorescence intensity
from images. Scale bars, 5 um. (G) Representative immunofluorescence images of elF6 (red) in MNK-3 cells after 2 h of IL-1B treatment with or without p38a
inhibitor SB203580. The MFI of elF6 puncta was analyzed by Image). Scale bars, 5 um. (H) Quantification of elF6 protein in nuclear and cytosol of MNK-3 cells
with or without IL-18 and SB203580 treatment. (1) elF6-overexpressing MNK-3 cells were constructed via infection with elF6-expressing retrovirus. IL-22 and
GM-CSF production were examined by flow cytometry (top) and ELISA (bottom). (J) elF6-knock-down MNK-3 cells were constructed via infection with
retrovirus containing shRNA against elF6. IL-22 and GM-CSF production were examined by flow cytometry. (K) elF6 was knocked-down through retrovirus
containing shRNA against elF6 in p38a-deficient ILC3s. The protein expression of IL-22 and GM-CSF were examined by flow cytometry. (L) Control and elF6-
overexpressing MNK-3 cells were stimulated with IL-1B, IL-23 and PMA/ionomycin. The nuclear and cytosol mRNA were fractionated and analyzed by qPCR.
Data are representative of one of two independent experiments (D-L). Each dot (I and K) represents one biological replicate. Dissociation-one phase decay is
applied to fit KD (E). Data are mean + SEM and statistical significance was tested by two-tailed Student’s unpaired t test (G and I-L), *P < 0.05, **P < 0.0,

***P < 0.001, ****P < 0.0001. Source data are available for this figure: SourceData F4.

potential eIlF6-Nsun2 interaction pattern. The structural infor-
mation indicates that eIF6 and Nsun2 probably interact at Glu8/
Asn9 sites of elF6 and Lys219/Asp217 sites of Nsun2 (Fig. 5 F).
Interestingly, the eIF6-Nsun2 interaction surface is located on
the SAM binding pocket of Nsun2 (Fig. 5 F), potentially pre-
venting SAM from accessing the catalytic center of Nsun2. Next,
the interaction pattern of Nsun2, eIF6, and SAM was analyzed
through Biacore SPR assay. Nsun2 and elF6 exhibit an equilib-
rium dissociation constant (KD) of 1.47 uM (Fig. 5 G), while
Nsun2 and SAM exhibit a KD of 0.203 uM (Fig. 5 H). The ad-
dition of 15 uM elF6 dramatically altered the Nsun2-SAM in-
teraction curve (Fig. 5 I), indicating that eIF6 could disrupt
SAM-Nsun2 interaction. Consistently, the SAM (1 uM) addition
also disrupted Nsun2-eIF6 interaction (Fig. 5 J), suggesting that
elF6 and SAM may competitively bind to Nsun2 and conse-
quently impact the methyltransferase activity of Nsun2. Fur-
thermore, mutation of elF6 interacting residues (Glug/Asn9 to
Ala8/Gly9, referred to as eIF6EN-A6) significantly decreased KD
to 44.5 uM (Fig. 5 K). Mutant eIF6EN-AC also showed an abolished
inhibitory effect on cytokine production in MNK-3 cells com-
pared with wild type eIF6WT (Fig. 5 L), suggesting that the eIF6
may interact with Nsun2 and regulate ILC3 cytokine expression
through Glu8/Asn9 residues.

Nsun2 in ILC3s is required for the cytokine production and
protection against colitis

Next, to further examine the role of Nsun2 in ILC3s,
RorcereNsun2f/l mice were generated to delete Nsun2 in RORyt*
ILC3s. Although Nsun2 deficiency did not influence the per-
centages and numbers of ILC3s in the colon of naive mice (Fig. 6
A), Nsun2-deficient ILC3s produced less IL-22, GM-CSF, and IL-
17A after IL-1B, IL-23, or PMA/ionomycin stimulation (Fig. 6 B;
and Fig. S4, A and B), indicating the important role of Nsun2 in
controlling ILC3 responses. Consistent with p38a-deficient
ILC3s, Nsun2-deficient ILC3s also did not show any reduction
of the expression of IL-1B receptor or induction of the expression
of negative p38a regulator DUSP1/4/8 (Fig. S4 C). Moreover,
after a challenge with 3% DSS, Rorce"*Nsun2f/?! mice exhibited
more significant body weight loss (Fig. 6 C), accompanied by
fewer ILC3s expressing IL-22 and GM-CSF than their Nsun2/4
counterparts (Fig. 6 D). To exclude Nsun2 effect in T cells in
RorceNsun2/? mice, we also treated Cd4<*Nsun2/? mice with
3% DSS, and the results showed that Nsun2 deficiency in T cells
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could attenuate DSS-induced colitis (Fig. 6 E), which is consistent
with previous report (Yang et al., 2023). Together, these data
suggest that Nsun2 regulates IL-22 and GM-CSF production in
ILC3s and is required to protect the host against colitis.

G3BP1 assists p38a in phosphorylating elF6 and promotes ILC3
immune response

We next sought to explore how p38a regulates elF6. A previous
study has shown that eIF6 can be phosphorylated by GSK3
at the C-terminal, which is important for elF6 translocation
(Jungers et al., 2020). Interestingly, the structural analysis
by AlphaFold2 also suggests that the C-terminal helix of eIF6
hangs off the main structure, making it accessible for post-
translational modification (Fig. 5 F). Since p38a is a MAPK
kinase that phosphorylates many different substrates, we hy-
pothesized that it may directly phosphorylate eIF6’s C-terminal.
According to the protein phosphorylation prediction software
GPS (Xue et al.,, 2008), multiple sites of p38MAPK phosphoryl-
ation at the C-terminal of eIF6 have been predicted, even with
higher scores than GSK3p (Fig. S5 A). Additionally, mutation of
Ser243 (elF652434) or all seven serine and threonine residues at
the C-terminal of eIF6 (elF675T-4) significantly suppressed cy-
tokine production in MNK-3 cells (Fig. 7 A), supporting the
notion that eIF6 C-terminal phosphorylation is required for ILC3
immunity. However, the direct phosphorylation of eIF6 by p38a
was scarcely detected in vitro (data not shown). A previous
study suggests that substrates with docking sequences could
bind to the docking site of p38a and stabilize the catalytic con-
formation, thus enhancing the affinity and phosphorylation
activity (Tokunaga et al., 2014). Although eIF6 has a docking
sequence, it is buried within its main structure. Thus, we
speculate that other proteins may provide docking sequences to
facilitate p38a catalyzing eIF6 phosphorylation. To identify the
potential factors, the elF6-interactome was examined by im-
munoprecipitation with anti-eIF6 antibody followed by MS in
ILC3s (Table S4). Following the analysis of the elF6-interactome
with the p38a-TURBO-interactome, 35 potential candidates
were identified to be interacting with both eIF6 and p38a (Fig. 7
B and Table S5). GO enrichment analysis revealed that these
proteins were highly enriched in the mRNA processing pathway
and negative regulation of mRNA metabolism (Fig. 7 C). One of
the 35 candidates, G3BP]1, has multiple p38a docking sequences
(Fig.7 D). To determine whether G3BP! is involved in p38a
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Figure 5. elF6 prevents the nuclear export of cytokine mRNAs by inhibiting the methyltransferase activity of Nsun2 in ILC3s. (A and B) Western blot
analysis of the co-IP between p-p38a and Nsun2 (A) or between elF6 and Nsun2 (B) in MNK-3 cells treated with or without IL-1B. (C) Representative images of
immunofluorescent staining of elF6 (green), Nsun2 (red), and smFISH of 122 mRNA (cyan) in MNK-3 cells stimulated with or without IL-18 and SB203580. Scale
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bars, 10 um. (D) The Nsun2-mediated m°C assay with purified elF6 and Nsun2 protein was conducted in vitro. The 1(22 (red dot) or Csf2 (blue dot) mRNA was
synthesized in vitro. Nsun2-mediated m>C modification on the cytokine transcripts with Nsun2 (red) or with Nsun2 plus elF6 (blue) was performed. Then the
mRNA was purified and digested to single nucleotide. The m>C modification was determined by HPLC-MS (left). The ratios of methylated cytosine to un-
methylated cytosine were shown (right). Data are pooled from two independent experiments. (E) RNA dot blot analysis of mRNAs with m>C modification in
control or elF6-knocked-down MNK-3 cells with or without IL-1B stimulation. (F) The potential elF6 (green)-Nsun2 (purple) interaction pattern predicted by
AlphaFold2. The SAM binding pocket (gray) of Nsun2 and the interactive surface (ball and stick presented) are shown. The dash lines between amino acids
indicate the hydrogenic bone of Nsun2/elF6 complex. (G) The binding affinity between wild type elF6 (elF6"T) and Nsun2 was measured by Biacore SPR assay.
elF6WT was attached to the CM-5 chips and the indicated Nsun2 flow phase was delivered to the Biacore system. (H) The binding affinity between Nsun2 and
SAM was measured by Biacore SPR assay. Nsun2 was attached to the CM-5 chips and the indicated SAM flow phase was delivered to the Biacore system.
(1) The binding affinity between Nsun2 (fixed phase) and SAM in the presence of elF6 was measured by Biacore SPR assay. (J) The binding affinity between
elF6WT (fixed phase) and Nsun2 in the presence of SAM was measured by Biacore SPR assay. (K) The binding affinity between mutant elF6EN-AG (fixed phase)
and Nsun2 was measured by Biacore SPR assay. (L) The control and WT or mutant elF6-overexpression MNK-3 cells were activated and the cytokine pro-
duction was analyzed by flow cytometry. Data are representative of one of two independent experiments (A-E and G-L). Each dot (D and L) represents one
biological replicate. Biacore Insight Evaluation software (GE Healthcare) is applied to calculate the KD (G-K). Data are mean + SEM and statistical significance
was tested by two-tailed Student’s unpaired t test (L), two-tailed Student’s paired t test (D), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Source data

are available for this figure: SourceData F5.

phosphorylating eIF6, we first examined the interaction between
G3BP1 and both eIF6 and p38a. Co-IP assays showed that G3BP1
interacted with both phosphorylated p38a and elF6 in MNK-3
cells after IL-1B stimulation (Fig. 7 E), and Biacore SPR assay
revealed that the binding affinity of eIF6 to G3BP1 was ~9.72 uM
(Fig.7 F). Moreover, an in vitro kinase assay coupled with Phos-
tag SDS-PAGE analysis revealed that G3BP1 significantly facili-
tated the phosphorylation of eIF6 by p38a (Fig.7 G). Based on the
in vitro kinase assay and Phos-tag/MS, there are multiple p38a
phosphorylation sites on the C-terminal of eIF6 (Fig. S5 B).
Collectively, these data demonstrate that G3BP1 functions as a
cofactor for p38a-mediated phosphorylation of eIF6. Further-
more, epigallocatechin gallate (EGCG), an inhibitor of G3BP1 (Liu
et al,, 2019), significantly reduced IL-22 and GM-CSF protein
production in ILC3s (Fig. 7, H and I) without altering their mRNA
expression (Fig. 7 J), indicating that G3BP1 also modulates ILC3
cytokine production posttranscriptionally.

Discussion

The mucosal and skin barrier tissues are primary interfaces with
the environment and are constitutively challenged by environ-
mental stressors such as injury or pathogens (Sonnenberg et al.,
2011; Zhang et al., 2022). Immune cells in barrier tissues must
respond rapidly to environmental challenges and produce ap-
propriate effector factors to maintain tissue homeostasis, pro-
mote tissue repair, or inhibit pathogen infection. Turning these
immune effectors on and off through posttranscriptional
mechanisms could be more efficient and economical than gen-
erating new transcripts. A recent study demonstrated, for ex-
ample, that skin-resident Th17 and Tcl7 cells were capable of
constitutively expressing mRNA of type 2 cytokines (IL-5 and IL-
13) without protein translation during homeostasis, causing
them to respond quickly to intradermal chitin injection or insect
exposure by producing type 2 cytokines (Harrison et al., 2019).
Similarly, as intestinal sentinels, ILC3s could also rapidly re-
spond to environmental signals, but without clear mechanisms
(Guoetal., 2014; Mao et al., 2018; Zeng et al., 2019). Here, we find
that ILC3s preserve mature cytokine mRNA in the nucleus
through eIF6 blocking Nsun2-mediated mRNA m®>C modification
at steady state, and after stimulation, activated p38a signaling
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can phosphorylate elF6 and promote Nsun2-mediated mRNA
m°C modification, leading to nuclear export of cytokine mRNA
and rapid cytokine production. The posttranscriptional regula-
tion of cytokine production includes mRNA quality control,
subcellular localization, decay, and translation of transcripts.
Previous studies have shown that activation of the p38MAPK-
MK2 pathway could phosphorylate and inhibit TTP, an RNA
binding protein (RBP) that targets and delivers adenine and
uridine-rich element (ARE)-containing transcripts to decay
machinery (processing bodies, P-bodies), which results in the
stabilization of mRNA and the production of proinflammatory
cytokines such as TNFa in macrophage (Ronkina et al., 2019;
Stoecklin et al., 2004; Tiedje et al., 2012). In contrast, our data
suggest that activation of the p38MAPK pathway could promote
mRNA nuclear export by regulating mRNA epigenetic modifi-
cation in ILC3s. Further studies are needed to determine whether
this mechanism is also present in other immune cells as well as
non-immune cells. We also found that p38a deficiency in ILC2s
and ILCls led to decreased production of IL-5 and IFNy at both
RNA and protein levels, which is different from ILC3s, suggest-
ing other mechanisms may be involved in p38a regulating ILCls
and ILC2s. Whether elF6/Nsun2 pathway influences ILCls and
ILC2s needs further examination.

TL1A has previously been reported to activate p38a signaling
and control ILC3 cytokine production (Castellanos et al., 2018; Li
et al., 2019). We also noticed that TL1A could slightly activate
p38a signaling in ILC3s, although much weaker than IL-1B. In-
terestingly, TL1A exhibits opposite effects in different colitis
models, which may be attributed to the different intensities of
p38 activation or different accompanying signals by different
stimuli. Further investigation is still required to dissect the exact
contribution of different stimuli to p38 activation in ILC3s in
both homeostatic and inflammatory intestinal environments
in vivo.

In addition to being involved in 60S ribosomal subunit bio-
genesis in the nucleus, elIF6 is also involved in ribosomal mat-
uration and protein translation in the cytoplasm (Basu et al.,
2001; Gandin et al., 2008; Weis et al., 2015). Here, our find-
ings demonstrate that elF6 influences nuclear retention or ex-
port of cytokine mRNA in ILC3s by regulating methyltransferase
activity of Nsun2. It has been shown that premature mRNA with
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Figure 6. Nsun2in ILC3s is required for the cytokine production and host protection against colitis. (A) ILC3s (gated in CD45"CD90*CD3-RORyt*) were
isolated from colonic LPLs of Nsun2f (n = 5) and Rorc"eNsun2Vf (n = 4) mice and analyzed by flow cytometry. The percentages and absolute numbers of ILC3s
are shown. (B) LPLs from colonic lamina propria of Rorc"eNsun2Vfl (n = 4) or Nsun2fl (n = 5) littermate mice were stimulated ex vivo with IL-1B or PMA/
ionomycin (P/1). Representative flow cytometry and analysis of IL-22 and GM-CSF production by ILC3s (gating in eflour780-CD45'°¥CD90* RORyt"). (C) 8-wk-
old RorcreNsun2f (n = 7) and their littermates Nsun2f (n = 8) were given 3% DSS in drinking water for 6 days. Body weight change curves were shown. Data
are pooled from two independent experiments. (D) The IL-22 and GM-CSF production by ILC3s (gating in CD45*CD90*TCRB-RORyt*) from Rorc<"eNsun2f (n =
5) or Nsun2Vf(n = 4) mice at day 3 after DSS exposure. (E) 8-wk-old Cd4<*Nsun2¥f (n = 3) and their littermates Nsun2 (n = 4) were given 3% DSS in drinking
water for 6 days. Body weight change curves were shown. Data are representative of one of two independent experiments (A-E). Each dot (A, B, and D)
represents one individual mouse. Data are mean + SEM and statistical significance was tested by two-tailed Student’s unpaired t test (A-E), *P < 0.05, **P <
0.01, ****P < 0.0001; ns, no significant difference.

retained introns could be stored in the nucleus (Wegener and
Muller-McNicoll, 2018), whereas most mature mRNA is stored
in the cytosol, such as stress granules (Molliex et al., 2015). Our
data show that mature cytokine mRNA may aggregate with eIF6
and be preserved in the ILC3 nucleus. It would be intriguing to
determine whether these transcripts retained in the nucleus
have extended half-lives, and after activation of p38a signaling,
these mature cytokine transcripts may be coupled with eIF6 and
60S ribosomal subunit in the nucleus and shuttle to the cytosol
where they rapidly form translation machinery and generate
cytokines, which is yet to be verified. Interestingly, we also
notice that elF6/Nsun2/mRNA forms speckle-like structures in
the nucleus. Since liquid-liquid phase separation (LLPS) has
emerged as a key mechanism underlying the formation of
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membrane-less organelles (Uversky, 2017), such as G3BP1,
which can trigger phase separation to assemble stress granules
(Alberti and Hyman, 2021; Marcelo et al., 2021), it is important
to test whether LLPS can also be involved in the formation of
elF6/mRNA puncta in the ILC3 nucleus. Additionally, we find
that the 3'UTRs of I122/Csf2 mRNA contain cis-elements that
affect their nuclear retention. It would be worthwhile to further
explore how elF6 interacts with these 3'UTRs, whether it is
sequence-specific, if other transcripts in ILC3s could be regulated
by the same mechanism, and whether other immune cells share
a similar posttranscriptional mechanism that regulates the ex-
pression of other cytokines.

It is well known that Nsun2 serves as a cytosine methylation
enzyme mediating nuclear RNA shuttling to the cytosol (Yang
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Figure 7. G3BP1assists p38a in phosphorylating elF6 and promotes ILC3 immune response. (A) MNK-3 cells were overexpressed with elF6WT or mutant
elF6 (elF652*3A and elF675TA). The IL-22 and GM-CSF production was analyzed by flow cytometry. (B and C) elF6-interactome were determined by immu-
noprecipitation with anti-elF6 antibody followed by MS in ILC3s. (B) The Venn diagram shows the interactive analysis with the elF6-interactome and TurbolD-
p38a-interactome. (C) The GO enrichment analysis of 35 proteins interacted with both elF6 and p38a. (D) The p38a docking sequences in G3BP1. (E) Western
blot analysis of the co-IP between p-p38a and G3BP1 or between elF6 and G3BP in MNK-3 cells treated with or without IL-1B. (F) The binding affinity between
G3BP1 and elF6 (fixed phase) was measured by Biacore SPR assay. (G) elF6 was incubated with p38a kinase buffer with or without G3BP1 protein in vitro.
Western blot analysis of phosphorylated elF6 following the kinase assay and Phos-tag SDS-PAGE. (H) The small intestine and colon LPLs from WT mice were
pre-treated with EGCG and then stimulated with IL-18 or IL-23 for 4 h. The expression of IL-22 and GM-CSF in ILC3s (gated in eflour780-CD45'9¥CD90Mg")
were analyzed by flow cytometry. (I and J) ILC3s sorted from the small intestine and colon LPLs of Ragl™/~ mice were stimulated with IL-1B with or without
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EGCG for 18 h. The protein (I) and mRNA (J) expression levels of IL-22 and GM-CSF were examined by ELISA and qPCR. Data are representative of one of two
independent experiments (A and E-}). Each dot (A and H-J) represents one biological replicate; Biacore Insight Evaluation software (GE Healthcare) is applied to
calculated the KD (F). Data are mean + SEM and statistical significance was tested by two-tailed Student’s unpaired t test (B and K), ***P < 0.001, ****P <
0.0003; ns, no significant difference. Source data are available for this figure: SourceData F7.

et al., 2017). Deletion of Nsun2 in T cells may attenuate colitis by
decreasing the half-life of Ili7a/f mRNA in Thi7 cells (Yang et al.,
2017). We found that eIF6 inhibited Nsun2 methyltransferase
activity by blocking SAM binding to Nsun2, and Nsun2 defi-
ciency in ILC3s impaired IL-22 and GM-CSF production and
aggravated colitis. Since T cells can also produce IL-22 (Sun
et al.,, 2023), it is interesting to test whether the elF6/Nsun2
axis also regulates T cell responses. Besides condensing un-
translated mRNA and assembling stress granules, a recent study
also showed that G3BPI can activate cGAS enzymes to generate
cGAMP (Liu et al., 2019). Our study shows that G3BP1 could
facilitate p38a-mediated phosphorylation of eIF6, which should
happen in the nucleus. As most G3BP1 protein is in the cyto-
plasm, it needs to determine whether and how G3BP1 enters the
nucleus in response to IL-1B stimulation. Additionally, the G3BP1
inhibitor EGCG, enriched in green tea, has shown different
effects in IBD models, either reducing inflammatory cytokine
production and colon inflammation (Barbalho et al., 2019; Oz
etal., 2013; Rahman et al., 2018) or accelerating weight loss in
a DSS-induced colitis model (Oz et al., 2013). Our data showed
that EGCG could suppress cytokines production in ILC3s
in vitro. Whether ILC3s are involved in the effects of EGCG or
green tea on intestinal inflammation in vivo requires further
investigation.

In this study, we identified the unique role of p38a in ILC3s in
maintaining intestinal mucosal homeostasis. At an older age,
ILC3-specific p38a-deficient mice developed a spontaneous co-
lon inflammation. Since the microbiome plays an important role
in the development of IBD, and ILC3s are well known as a mi-
crobiota regulator, it may be interesting to investigate if the
microbiome also contributes to spontaneous colitis in p38a-
deficient mice. Additionally, p38a is also activated in DCs and
macrophages in colitis. p38a deficiency in cDCls could lead to
increased IL-27 production through the TAKI-MKK4/7-JNK
signaling pathway, further promoting IL-10 production by Trl
cells and protecting mice from DSS-induced colitis (Zheng et al.,
2018). Macrophage-specific deletion of p38a also exhibited at-
tenuated colitis (Chen et al., 2022; Zhao et al., 2022). These data
indicate that p38a in DCs and macrophages may promote IBD
progression. In contrast, our data reveal that p38a regulates
ILC3s' cytokine production and is crucial for restricting exces-
sive inflammatory responses during colitis. Notably, p38a in
ILC3s plays a vital role in maintaining gut homeostasis. ILC3-
specific p38a deletion mice develop spontaneous colitis, indi-
cating that dysfunction of ILC3s in response to daily stress could
trigger inflammation. Thus, the contradictory roles of p38a in
gut inflammatory disorders in mouse models might reflect its
different effects in different types of cells (Coskun et al., 2011;
ten Hove et al., 2002). Consistently, a recent clinical trial of p38
inhibitors for IBD also failed, suggesting that targeting p38a
without cell specificity may not yield expected clinical outcomes
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in IBD (Coskun et al., 2011). Cell-specific inhibitors or agonists of
P38MAPK should be developed and tested in the future.

In conclusion, our study identifies a novel pathway, the
p38a-elF6-Nsun2 axis, that regulates the nuclear export of cy-
tokine mRNA in ILC3s. This strategy allows ILC3s to rapidly
translate poised cytokine transcripts, thus protecting the host
from intestinal inflammation by responding to environmental
stress efficiently and economically.

Materials and methods

Mice

The different strains of mice used were bred and kept in specific
pathogen-free facilities at the Animal Center of Tsinghua Uni-
versity. The strains of mice include C57BL/6, Ragl~/~, Rorcs®/*,
Mapk14?/, RorcCreMapki4?/f, Cd4reMapki4?/1, VavicreMapki4/a,
Nsun2 /8 and RorccreNsun2f/8, Rorcere (Eberl and Littman, 2004)
and Rorc&/+ (Eberl et al., 2004) mice were from Dan R. Littman
(New York University, New York, NY, USA); Vavi®® (Ogilvy
et al., 1998) were from Li Wu (Tsinghua University, Beijing,
China); Mapki4?/fl (Kang et al., 2008) were from Jiahuai Han
(Xiamen University, Xiamen, China); Nsun2f/fl (Yang et al., 2017)
were from Yun-Gui Yang (Institute of Genomics, Beijing, China)
and Zhong-Zhou Yang (Nanjing University Medical School,
Nanjing, China); Cd4°™ (Lee et al., 2001) were purchased from
Taconic; and Ragl~/~ mice were purchased from Jackson Lab-
oratory. All experiments were conducted with sex- and
age-matched. All animal experiments and protocols were
performed according to Tsinghua animal care committees’
procedures.

DSS-induced acute colitis

To setup the colitis model in mice, the chemical inducer DSS was
administrated to 8-12-wk-old sex-matched mice. In brief, DSS-
induced colitis was induced by administrating 3% (wt/vol) DSS
(0216011080; MP) in drinking water for 6 days and then the
drinking water was switched to normal water. During this pe-
riod, the body weight was measured every other day and the
mice were sacrificed on the indicated day. The colons were
collected for immunofluorescence analysis, flow cytometry,
qPCR, and histology analysis.

Isolation of colonic lymphocytes

Intestines were cut open longitudinally and cut into 1.5-cm
pieces, washed in 1x PBS by vortex, and shaken in Buffer | (HBSS
containing 1 mM DTT (D0632; Sigma-Aldrich), 5 mM EDTA, 3%
FBS, and 10 mM HEPES) at 37°C for 20 min twice. After Buffer |,
the tissue was further washed in Buffer Il (HBSS containing
10 mM HEPES) for 20 min and the tissues were then digested in
RPMI 1640 medium containing 0.05% DNase I (DN25; Sigma-
Aldrich) and 0.1 mg/ml Liberase (05401020001; Roche) at 37°C
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for 20-30 min. Then the digested tissues were homogenized by
gentleMACS Dissociator (Miltenyi) and passed through a 70-pm
cell strainer. Mononuclear cells were harvested from the inter-
phase of an 80% and 40% Percoll gradient after a spin at
2,000 rpm for 20 min at 4°C without break.

Flow cytometry analysis

Cells were stained for viability using the Fixable Viability Dye
eFluor 780 (65-0865-14; eBioscience), followed by surface
staining with varying combinations of the following antibodies
in FACS buffer (1x PBS + 2% FBS + 0.02% NaNj;): CD45 (clone 30-
F11, 103128; BioLegend), CD3 (clone 145-2Cll, 100320; Bio-
Legend), CD90.2 (clone 30-H12, 105335; BioLegend), CD4 (clone
GKL.5, 63-0041-82; eBioscience), and TCRB (clone H57-597,
109206; BioLegend). For the intracellular cytokine staining, cells
were ex vivo-stimulated with indicated stimulators for 4 h, and
Brefeldin A (HY-16592; MCE) was added to block the secretion of
cytokines for 3 h. Cells were fixed with IC Fixation Buffer (00-
8222-49; eBioscience), and then cells were stained with IL-17A
(clone eBiol7B7, 17-7177-81; eBioscience), IL-22 (clone IL22JOP,
46-7222-82; eBioscience), IFNy (clone XMG1.2, 48-7311-82;
eBioscience), and GM-CSF (clone BVD2-21Cl1, 554406; BD). For
transcription factor staining, cells were fixed and permeabilized
using Foxp3/Transcription Factor Fixation/Permeabilization
Concentrate and Diluent (00-5523-00; eBioscience), and intra-
cellular staining was performed for Foxp3 (clone FjK-16s,
17-5773-82; Invitrogen), RORyt (clone B2D, 25-6981-80; eBio-
science), GATA-3 (clone TWAJ, 50-9966-42; Thermo Fisher
Scientific), and respective manufacturer isotype control anti-
bodies. Flow cytometry was performed on Fortessa instruments
(BD Biosciences) and analyzed with Flow]Jo software (V10).

Immunofluorescence staining and confocal imaging

The protocol was according to a previous report (Mao et al.,
2018). In brief, the colon was excised after a 3-day DSS treat-
ment, and the Swiss roll was prepared and incubated in a fixa-
tion buffer (00-5223-56; BioLegend) overnight. The fixed tissue
was dehydrated in 30% sucrose for at least 6 h and embedded in
OCT compound (4583; Sakura), which would be moved into -80°C
fridge. Sections of 15-um thickness were cut on CM3050 S Cry-
ostat (Leica) and adhered to slides. Before the markers staining
procedure, the slides were fixed again in methanol for 20 min at
-20°C and permeabilized in PBS containing 0.3% Triton X-100
and then blocked in PBS containing 10% fetal bovine serum
(blocking buffer) for 1 h. For the markers staining, the antibodies
were diluted in a blocking buffer and then the sections were in-
cubated in the buffer overnight. After antibody staining, the slides
were mounted with Flourmount G (00-4958-02; Thermo Fisher
Scientific), and then the image data were collected on Zeiss
LSM880 with Airyscan. The antibodies were used for staining:
anti-CD45 (clone 104, 109808; Biolegend), anti-EpCAM (clone
RTK2758, 400532; BioLegend), anti-p-p38 (clone D3F9, 4511S;
CST), and anti-GFP (clone FM264G, 338007; BioLegend).

Histological assessment of colon tissue
Colons were collected from mice and the Swiss roll was prepared.
The fixed tissue was paraffin-embedded and 4-um sections were
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used for H&E staining. Embedding, sectioning, and H&E staining
services were provided by Laboratory Animal Resources Center,
University. A blind evaluation of colitis severity was assessed by a
combined score of colon cellular infiltration (0-4, according to the
number and localization of the inflammatory cells), tissue disrup-
tion (0-4, according to the severity of mucosal and crypts dam-
ages), and tertiary lymphoid structures formation (0-4, according
to the numbers), as described previously (Erben et al., 2014).

Cell culture

293T cells were grown in DMEM supplemented with 10% fetal
bovine serum, sodium pyruvate, and penicillin/streptomycin
(15140122; Thermo Fisher Scientific) at 37°C, 5% CO,. For the
ILC3’ cytokine expression assay in 293T cells, the cells were
grown in a 24-well plate. When the confluency was up to
70-80%, the transfection was performed with indicated vectors
via lipo3000 (L3000015; Thermo Fisher Scientific) according to
the manufacturer’s instructions. The supernatant was collected
at 24 and 48 h for ELISA detection of IL-22 (436304; BioLegend)
and GM-CSF (432207; BioLegend). For the MNK-3 cell line cul-
ture, the culture protocol was according to a previous report
(Allan et al., 2015). In short, the MNK-3 cells were cultured in
DMEM with 10% fetal bovine serum, 2 mM GlutaMAX, 1 mM
sodium pyruvate, 55 pM 2-mercaptoethanol, 10 mM HEPES, and
100 pg/ml penicillin and streptomycin. To maintain the prop-
erty of MNK-3 cells, 10 ng/ml IL-7, 10 ng/ml IL-15, and 10 ng/ml
retinoic acid were added to the culture medium. To generate
elF6-overexpressing or elF6-knocking-down MNK-3 cell lines,
the indicated viral supernatants were prepared from Plat-E
packaging cells, and MNK-3 cells were infected, and then the
GFP* MNK-3 cells were sorted by flow cytometry.

Biotin labeling with p38a-TurbolD in MNK-3 cells

p38a interactome in MNK-3 cells was identified by the TurboID
system according to the protocol from Alice Ting’s lab (Branon
et al.,, 2018). In brief, Mapki4 and Turbo were fused into MigR1
plasmid and then the retrovirus was packaged. MNK-3 cells
were infected by the retrovirus, and after 48 h infection, the
cells were treated with IL-1B with biotin addition for 2 h. La-
beling was stopped on ice and washed five times with ice-cold
PBS. The pellets were lysed by cell lysis buffer (25 mM HEPES,
150 mM NaCl, 1% Triton) and the biotinylated proteins were
enriched by streptavidin beads for 1 h at room temperature and
then moved to 4°C and incubated overnight with rotation. The
beads were subsequently washed according to the protocol and
then boiled in protein loading buffer supplemented with 20 mM
DTT. The eluate was then separated on SDS-PAGE gel and the
total lane was collected for MS detection. The MS results were
analyzed by GO through Metascape (Zhou et al., 2019).

smFISH

MNK-3 cells were cultured in u-Slide 8 Well high (80806; ibidi),
and the probes were designed according to Biosearch Technol-
ogies. Stellaris RNA fluorescence in situ hybridization (FISH).
All probe sets were manufactured by XianghongBio, and the
1122/Csf2 was labeled with TAMRA. Cells were fixed with RNAse-
free 4% paraformaldehyde for 20 min and washed with PBS
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twice. The cells were permeabilized in 70% ethanol overnight at
4°C. The cells were hybridized with combinations of probe sets
overnight at 37°C and washed with wash buffer (10% 20xSSC,
10% formamide in DEPC water) five times (the third wash was in
37°C incubator for 30 min) and then processed by immunoflu-
orescence procedures for eIF6 (clone A-2, sc-390432; Santa
Cruz) and Nsun2 (20854-1-AP; Proteintech) staining. The cells
were imaged by ZEISS LSM 980 with Airyscan 2.

Immunoprecipitation

For immunoprecipitation of eIF6 and p-p38, lysates with 500 pg of
total protein were suspended in a final volume of 500 pl of CLB
supplemented with protease and phosphatase inhibitors. The ly-
sates were incubated with anti-eIF6 (clone A-2, sc-390432; Santa
Cruz) or anti-p-p38 (clone D3F9, 4511; CST) overnight at 4°C. The
protein A/G magnetic beads (HY-K0202; MCE) were precleared
with CLB and the buffer and beads were separated by a magnetic
separator. Precleared beads were incubated with lysate mix and
rotated for 1 h at 4°C. The samples were washed five times in CLB
buffer, and the beads were collected by magnetic separator. The
beads were boiled with protein loading buffer at 100°C for 10 min.

Quantitative real-time PCR

Total RNA of tissues or cells was isolated using the Trizol
manufacturer, and cDNA was prepared using the RevertAid First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Real-time
PCR was performed with the real-time PCR StepOnePlus system
(Applied Biosystems) using Hieff qPCR SYBR Green Master Mix
(11203ES08; Yeasen). Data were normalized to Hprt or Actb and
analyzed by the 2-22CT method. The sequence of qPCR primers is
shown in the Table Se.

Identification of the RBP binding to ILC3 cytokine’s mRNA-
3'UTR

The procedures for identifying the RBP followed the Myriam
Gorospe protocol (Panda et al., 2016). In brief, the biotinylated
I122-CDS and I122-CDS+3'UTR were generated in vitro via
MEGAlongtcript T7 kit (AM1345; Thermo Fisher Scientific),
additionally adding 3'-Biotin guanosine triphosphate (GTP)
(N0760S; NEB) following the manufacturer’s protocol. For the
preparation of ILC3 lysate, the sorted ILC3s from the gut were
stimulated with or without IL-1B for 1 h and then the cells were
disrupted by polysome extraction buffer (PEB). There were four
groups that needed 2 million ILC3 cells for each biotinylated
RNA, and the lysate combination with biotinylated RNA was
incubated for 30 min. After incubation, the 50 pl streptavidin-
conjugated Dynabeads were added into each reaction for 30 min
and then beads were washed three times with TENT buffer. The
beads were boiled in a protein loading buffer and the buffers
were loaded on SDS-PAGE gel, and after PAGE finishing, the gel
was sent to MS to identify specific proteins.

Plasmids

cDNA encoding I122, Csf2, and Eif6 and its related mutants were
subcloned into pEGFPnl or 3xFlag-N-CMYV, and different ver-
sions of Eif6 were subcloned into MigR1 for generating retrovi-
rus. For prokaryotic protein expression in Escherichia coli (E.
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coli), cDNA encoding Eif6 related mutants and G3bpl were
subcloned into pGEX6pl and cDNA encoding Mapki4 and Nsun2
was subcloned into pET28a. For shRNA vector, shRNA-
containing oligonucleotides for Eif6 (the sequence: 5'-TGCTGT
TGACAGTGAGCGCAG CTACTGTGTCTTCAGTAATTAGTGAAG
CCACAGATGTAATTACTGAAGACACAGTAGCTTTGCCTACTG
CCTCGGA-3') were cloned into the plasmid pLMP-Ametrine.

Expression and purification of p38a, elF6, G3BP1, and Nsun2
For the pGEX6pl protein expression and purification system,
elF6 and G3BP1 were expressed and purified from E. coli Rosetta
2(DE3) cells. A TEV cleaved site between GST and the target was
introduced into these constructs. Upon OD600 of E.coli reaching
0.8, 0.5 mM IPTG was added at 16°C overnight. The cells were
collected and suspended in PBS for homogenizing by ultrahigh-
pressure homogenizer. After homogenization, the cell lysate
pelleted at 30,000 x g at 4°C for 30 min. The supernatant was
incubated with packed GST columns (Cytiva) as provided by the
manufacturer. Proteins were eluted with 10 mM glutathione, and
the eluent was incubated with TEV protease at 4°C overnight. The
cleaved protein was further purified by ion exchange with a Q
column (GE) and Superdex 200 16/200 column (GE). The fractions
were determined by SDS-PAGE, pooled, concentrated, filtered,
flash-frozen in liquid nitrogen, and stored at -80°C. For pET28a
protein expression and purification system, the majority of the
procedure was similar to pGEX6épl. The optimal induction tem-
perature is different. For p38a purification, the optimal temper-
ature is 30°C while 37°C is optimal for Nsun2 for 4 h.

p38a kinase assay

All protein components were purified according to previous
steps, and the MKK6EE was purchased from SinoBiological
(10422-H20BL1-20). The assay was performed in a final volume of
20 pl of kinase buffer. The activator (0.5 ug MKK6EE), 1 pg
p38a, the substrate (5 g eIF6), and 250 pM ATP with or without
G3BP1 were incubated in kinase buffer (9802; CST) at 30°Cfor
30 min. After kinase incubation, the protein loading buffer was
added and then boiled. The phos-tag PAGE (198-17981; WAKO) was
applied to separate the phosphorylated and unphosphorylated
elF6 for MS and western blot detection.

In vitro Nsun2-mediated m>C modification assay

The 1122/Csf2 mRNA substrates were transcribed in vitro. In vitro
methylation assay was performed at 37°C for 2 h in 50 pl of re-
action mixture consisting of 20 mM HEPES-KOH (pH 8.0), 5 mM
MgCl,, 100 mM KCl, 1 mM DTT, 1 pg I122/Csf2 transcript, 0.5 pM
Nsun2, and 1 mM S-adenosylmethionine (SAM) in the presence or
absence of elF6. After the reaction, the mRNA was purified ac-
cording to the Monarch RNA Cleanup Kit (T2030L; NEB), and
the purified mRNA was digested by Nucleoside Digestion Mix
(M0649S; NEB). The samples were subjected to LC/MS analysis.

m>C Dot blot assay

The total RNA was extracted from MNK-3 cells. The mRNA
samples were quantified by Nanodrop (Thermo Fisher Scien-
tific). For the dot blot assay, equal amounts of RNA were
loaded on the positively charged nylon transfer membrane (GE
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Healthcare). After 254 nm UV crosslinking for 30 min, the
membrane was blocked with 5% non-fat milk in PBS with 0.1%
Tween-20 (PBST), followed by incubation with the primary
rabbit anti-m®C antibody (clone D3S2Z, 28692S; CST) and then
peroxidase goat anti-Rabbit IgG (H+L) (A0208; Beyotime) sec-
ondary antibody. m°C RNA levels were visualized by enhanced
chemiluminescence (Millipore). Equal RNA loading was veri-
fied by methylene blue (G1300; Solarbio) staining.

Binding kinetics measured by Biacore SPR assay

The binding kinetics were analyzed by SPR (Biacore 8k+; Cy-
tiva). The indicated analyst was immobilized to a sensor chip
CMS5 via amine groups in 10 mM sodium acetate buffer (pH 4.0
for elF6 and p38a and pH 5.0 for Nsun?2) for a final RU around
80000. The running buffer was composed of PBST (0.05%
Tween-20). For kinetics analyte, the concentrations of SAM
ranging from 0.03125 to 3 pM, elF6 from 0.78125 to 12.5 uM,
Nsun2 from 0.06 to 5 uM, or indicated conditions flowed over
the chip at a flow rate of 30 pl/min for 60s, followed by 180s
dissociation. The data were fitted to a 1:1 binding model using
Biacore Insight Evaluation software (Cytiva).

Statistical analysis

Data were analyzed on GraphPad Prism 9 (GraphPad Software).
A two-tailed unpaired Student’s t test was used for comparison
between the two groups. The log-rank (Mantel-Cox) test were
used for survival statistical analysis. Dissociation-one phase
decay is applied to fit KD. Data are presented as mean values +
SEM; P < 0.05 was considered significant. Given that mouse
experiments required littermate controls and complex geno-
typing, experimental group allocation was not blinded.

Online supplemental material

Fig. S1illustrates the activation patterns of p38, ERK, and JNK in
immune and epithelial cells during both naive and inflammatory
states. Fig. S2 analyses the regulatory role of Mapkl4 in the devel-
opment and function of ILC3 subsets, as well as cytokine production
by other ILCs. Fig. S3 displays the strategic experiments validating
the IL-18-p38a axis-mediated posttranscriptional mechanisms. Fig.
S4 provides an analysis of ILC3 cytokines and the expression of Ilir],
Iir2, and Duspl in Nsun2% and Rorc**Nsun2f/f mice. Fig. S5 ex-
amines the potential phosphorylation of elF6 by MAPKs and GSK3p,
along with MS results for the phosphorylated sites of eIF6 by p38a.
Table S1 shows the p38a-TurbolD interactome. Table S2 displays
the differential analysis of p38a interactome. Table S3 shows the
II22 mRNA interactome. Table S4 displays the eIF6 interactome in
ILC3s. Table S5 exhibits the components in both elF6 and p38a
interactome. Table S6 shows the sequence of qPCR primers.

Data availability
The data are available in the main article, the supplemental
materials, and the source data file.
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Figure S1. The activation of MAPK signaling in the colon of DSS-induced colitis. (A-C) 8-wk-old mice were exposed to the 3% DSS for 3 days and the
colon was collected for cryosection. Representative colonic immunofluorescence images stained with antibodies against CD45 (blue), EpCAM (green), and
different MAPKs including p-p38 (A, red), p-ERK1/2 (B, red) and p-JNK (C, red). Data are representative of one of two independent experiments. Scale bars, 20
um; zoom-in scale bars, 4 um. Data are mean + SEM, and statistical significance was tested by two-tailed Student’s unpaired t test (A-C), ****P < 0.0001.
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Figure S2. p38a regulates ILC3 cytokine production. (A-C) The colonic LPLs were isolated from naive RorceMapk14™/® (n = 4) or Mapk14"/" (n = 4) lit-
termate mice. Flow cytometry analysis of different subsets (A), cell proliferation by Ki67 (B), and cell viability by fixable cell viability dye (C) in ILC3s (gated in
CD45*CD90*TCRB-RORyt*) were shown. (D) 8-wk-old RorcsMapk14™/f and their littermates Mapk14™/ mice were given 3% DSS in drinking water for 6 days.
The colon tissue was collected for RNA isolation and Il1b, Il6, Ccl2, 123a, Csf2, and 1122 expression in DSS-treated Rorc<"*Mapk14™/f (n = 12) and Mapk14"/f (n = 7)
were measured by qPCR. Each symbol represents an individual mouse from two pooled experiments. (E and F) ILC3s were sorted from the small intestinal and
colonic LPLs of Ragl~/~Mapk14™/" and Rag1~/~VavieeMapk14"/" mice. (E) The mRNA expression of Il1r], Il1r2, lirap, Duspl, Dusp4, and Dusp8 was measured by
gPCR. (F) The protein expression of DUSP1 was examined by western blot. HSP90 was detected as a loading control. (G) LPLs from the intestinal lamina
propria were pre-treated with or without a-amanitin and then stimulated with IL-1B and IL-23 in vitro. The production of IL-22 and GM-CSF by ILC3s (gated in
eflour780-CD45'°“CD90Me") were detected by flow cytometry. (H and 1) LPLs from Rorc<sMapk14%/f and Mapk14"V mice were stimulated with IL-1B or IL-23
for 18 h. The protein (H) and mRNA expression levels (1) of IL-22 and GM-CSF were examined by ELISA and qPCR. () and K) LPLs from the small intestinal and
colonic lamina propria of RorceMapk14™f or Mapk14™/ littermate mice were stimulated with IL-23 or PMA/lonomycin in vitro. The production of IL-22 and
GM-CSF (J) or IL-17A and IFNy (K) by ILC3s (gating in eflour780-CD45°CD90*) was analyzed by flow cytometry. (L) ILC3s were sorted from the small in-
testinal and colonic LPLs of Rag1~/-Mapk14™/" and Rag1~/-Vavi*eMapk14™/f mice and then were stimulated with IL-23 at different time points. The protein (left)
and mRNA expression levels (right) of IL-22 were examined by ELISA and qPCR. (M) ILC2s (7-ADD-CD45*CD90*CD3-NK1.1"KLRG1*) and ILCls (7-
ADD-CD45*CD90* CD3-NK1.1*KLRG1") were sorted from small intestinal and colonic LPLs, and the expression of IL-5 in ILC2 (left) and IFNy in ILC1 (right) at
both protein (top) and mRNA (bottom) levels were evaluated by ELISA and qPCR. Data are representative of one of two independent experiments (A-C and
E-M). Two experiments were pooled together (D). Each dot (A-D) represents one individual mouse. Each dot (G-1) represents one biological replicate. Data are
mean + SEM and statistical significance was tested by two-tailed Student’s unpaired t test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, no
significant difference. Source data are available for this figure: SourceData FS2.
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Figure S3. p38a regulates the cytokine expression in ILC3s through elF6. (A) MK2 inhibition didn’t affect ILC3 cytokine production. LPLs were pretreated
with SB203580 and CMPD1 and then stimulated with IL-1B in vitro. IL-22 and GM-CSF production by ILC3s (gated in eflour780-CD45'°¥CD90Mg") were
examined by flow cytometry. Data are representative of one of two independent experiments. Data are mean + SEM and statistical significance was tested by
two-tailed Student’s unpaired t test; ****P < 0.0001; ns, no significant difference. (B) IL-1B treatment did not influence the IL-22 and GM-CSF mRNA splicing in
ILC3s. The diagram for primer design to test maturation of 122 and Csf2 mRNA. The mature or intron-contained premature mRNA was determined by RT-PCR
and agarose gel electrophoresis. One of two independent experiments is shown. (C) The size exclusion chromatogram of purified elF6. elF6 displayed a
significant advance in elution from the column compared with the predicted elution volume (indicated by arrow). One of two independent experiments is
shown. (D) IL-1B promotes m°C modification in MNK-3 cells. RNA dot blot analysis of mRNAs with m>C modification in MNK-3 cells with or without IL-
1B treatment. Total RNA was extracted from MNK-3 cells, crosslinked to the NC membrane, and detected by anti-m°C antibody. The data are representative of
at least two independent experiments. Source data are available for this figure: SourceData FS3.

Huang et al.
p38a-elF6-Nsun2 axis promotes ILC3 rapid response

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20240624

S3

920z Areniged 60 uo 1senb Aq jpd'1,290¥20Z Wel/6095€61/¥290¥2028/L/2zz/spd-ajoie/wal/bio ssaidny//:dpy woy papeojumoq


https://doi.org/10.1084/jem.20240624

A CTL 1/
’ m== Nsun2
Nsun2mf 1o o === Rorc"®Nsun2""
L - Kkekk c‘,”) ns
& ; § 80 M G 1.0 ns
8 ~_880% 15 - 60 + 0.8
§| r : il T Ry ﬁ 40 ns é 06
Rorcer e ‘ 0.67 0.26 = 20 |_| El 0.4
Nsun2if i i 5 o 02
] 2 0 S 0.0
P CTL IL-23 s CTL IL-23
IL-22-PerCP
*
B " c Ir1 Ir2 IMrap Nsuno
a1 === \sun
Nsun2i/f R!OI“CCre Nsun2i/f 3 1 8 * 0.3 ™ Rorc®e
: - 5 o ~ — it
o : 9.53 y<£ ‘8 6 8 8 0.2 Nsun2
P ¥ = g g 01
a o [ T 2 g ¥
= "N . SNS——( 0 0.0
[a)] 0 0
O  —» |L17AFITC
13 1 oo S Dusp1 Dusp4 Dusp8
<& ns
I e ; 200 =
é i Q S 6 ) S 15
"1 =10 =) =4 =
ey % 4 3 % 10
z
L » N g
IFNy-BV421 L5 g2 g g 05
o
- 0 0 0.0
(\‘\q\}(\ (@%
N
S
‘0
Q\O

Figure S4. Nsun2 regulates the expression of cytokines in ILC3s. (A) LPLs from the small intestinal and colonic lamina propria of RorccreNsun2ft or
Nsun2f (ittermate mice were stimulated with IL-23 in vitro. The production of IL-22 and GM-CSF by ILC3s (gating in eflour780-CD45'°¥CD90*) was analyzed
by flow cytometry. (B) LPLs from the small intestinal and colonic lamina propria of RorceNsun2f or Nsun2/f littermate mice were stimulated with PMA/
lonomycin in vitro. The production of IL-17A and IFNy by ILC3s (gating in eflour780-CD45'°*CD90*) was analyzed by flow cytometry. (C) ILC3s were sorted
from the smallintestinal and colonic LPLs of Rorc<"eNsun2f/" or Nsun2f/f littermate mice. The mRNA expression of Il1r1, Il1r2, illrap, Duspl, Dusp4 and Dusp8 was
measured by qPCR. Data are representative of one of two independent experiments (A-C). Data are mean + SEM and two-tailed Student’s unpaired t test; ns,
no significance; *P < 0.05, ***P < 0.001, ****P < 0.0001.
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Figure S5. The C-terminal of elF6 was phosphorylated by p38a. (A) The potential p38 and GSK3pB phosphorylation sites of elF6 predicted by group-based
prediction system. (B) Multiple p38a phosphorylation sites on the C-terminal of elF6 were identified by MS.

Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, and Table S6. Table S1 shows the p38a-TurbolD interactome.
Table S2 displays the differential analysis of p38a interactome. Table S3 shows the 1122 mRNA interactome. Table S4 displays the
elF6 interactome in ILC3s. Table S5 exhibits the components in both elF6 and p38a interactome. Table S6 shows the sequence of

qPCR primers.
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