Cell Reports

TNFR2 Signaling Enhances ILC2 Survival, Function,
and Induction of Airway Hyperreactivity

Graphical Abstract

UNTREATED ASTHMATICS
[ ]

o © o ®
° oo ®
3. % TNFa

°°, "TNFRZ
IL-33R % .
; NIK - RelB
4 p100
TNFR1 Relb
GATA3)  p52
alLC2

(]
([ ]
IL-13 o ® 8 \

[ ]
IL9®e o o) [SURVIVAL

IL5° * GM-CSF

3

't LUNG INFLAMMATION

TARGETING TNFR2/NIK

o © o ®
° oo ®
L33 ¢ G TNF-a
[}
°°, ‘.TNFRZ
IL-33R%.. 7,
I NIK -+ RelB
X 7* p100
TNFR1 RelB

GATAS L ps2 4
alLC2
13 °, ° \4
19 % ° ‘e VSURVIVAL
IL-5 °GM-CSF

3

¥ LUNG INFLAMMATION |

1 AIRWAY +AIRWAY
HYPERREACTIVITY HYPERREACTIVITY
Highlights

e Murine activated lung ILC2s lack TNFR1 but selectively

express TNFR2

e TNF-a enhances ILC2 survival, activation, and induction of

AHR using NIK signaling

e Inhibition of NIK blocks the costimulatory effects of the TNF/

TNFR2 axis in ILC2s

e Human ILC2s express TNFR2, and a NIK inhibitor reduces
AHR in humanized ILC2 mice

Hurrell et al., 2019, Cell Reports 29, 4509-4524
December 24, 2019 © 2019 The Author(s).

https://doi.org/10.1016/j.celrep.2019.11.102

Authors

Benjamin P. Hurrell,

Lauriane Galle-Treger,

Pedram Shafiei Jahani, ...,
Homayon Banie, Pejman Soroosh,
Omid Akbari

Correspondence
akbari@usc.edu

In Brief

TNF-« is highly expressed in the lungs of
asthmatic patients. Hurrell et al. show that
murine and human ILC2s respond to TNF-
o by selectively expressing TNFR2. TNF-
o enhances ILC2 survival and cytokine
production utilizing the non-canonical
NF-kB pathway, leading to increased
development of ILC2-dependent AHR.
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SUMMARY

Group 2 innate lymphoid cells (ILC2s) can initiate
pathologic inflammation in allergic asthma by
secreting copious amounts of type 2 cytokines, pro-
moting lung eosinophilia and airway hyperreactivity
(AHR), a cardinal feature of asthma. We discovered
that the TNF/TNFR2 axis is a central immune check-
point in murine and human ILC2s. ILC2s selectively
express TNFR2, and blocking the TNF/TNFR2 axis
inhibits survival and cytokine production and re-
duces ILC2-dependent AHR. The mechanism of ac-
tion of TNFR2 in ILC2s is through the non-canonical
NF-kB pathway as an NF-kB-inducing kinase (NIK)
inhibitor blocks the costimulatory effect of TNF-a.
Similarly, human ILC2s selectively express TNFR2,
and using hILC2s, we show that TNFR2 engagement
promotes AHR through a NIK-dependent pathway in
alymphoid murine recipients. These findings high-
light the role of the TNF/TNFR2 axis in pulmonary
ILC2s, suggesting that targeting TNFR2 or relevant
signaling is a different strategy for treating patients
with ILC2-dependent asthma.

INTRODUCTION

Asthma is a heterogenous inflammatory disease of the airways
characterized by reversible bronchoconstriction and airway hy-
perreactivity (AHR). Asthma is classically caused by the release
of type 2 cytokines such as interleukin-5 (IL-5) and IL-13 from
activated T helper 2 (Th2) cells, leading to cardinal symptoms
of asthma that include mucus production and smooth muscle
cell contraction. Group 2 innate lymphoid cells (ILC2s), however,
have been shown recently to rapidly secrete type 2 cytokines in
response to alarmins during asthma, and although they lack an-
tigen-specific markers, they can potently induce asthma symp-
toms in alymphoid mice devoid of T or B cells challenged with
IL-33 or IL-25 (Barlow et al., 2013; Kim et al., 2012; Bartemes
et al., 2012; Klein Wolterink et al., 2012). Modulation of ILC2 ho-
meostasis and/or activation therefore is a crucial approach to
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target or alleviate asthma symptoms (Kabata et al., 2018; Maazi
and Akbari, 2017; Hurrell et al., 2018).

Members of the tumor necrosis factor superfamilies (TNFSFs)
and their receptors (TNFRSFs) provide key communication sig-
nals between cells, including T cells and various innate immune
cells, such as macrophages, dendritic cells, and natural killer
(NK) cells (Ward-Kavanagh et al., 2016; Simhadri et al., 2012; Ko-
bayashi et al., 2015). Recently however, ILC2s have been
described to interact with T cells by selectively expressing
TNFSF4 (OX40L) in the airways (Halim et al., 2018). Interestingly,
ILC2s further express TNFRSF25 (DR3) and TNFRSF18 (GITR),
which have been shown to efficiently costimulate ILC2s in dis-
ease settings (Nagashima et al., 2018; Galle-Treger et al.,
2019; Meylan et al., 2014; Yu et al., 2014; Hurrell et al., 2018).
However, in these studies, a better understanding of the avail-
ability of membrane-bound ligands in tissues, such as the lungs,
and their precise role in induction of AHR remains unclear.
TNFSF2, more commonly known as tumor necrosis factor alpha
(TNF-a), is a pleiotropic proinflammatory cytokine that plays a
significant role in many inflammatory diseases of the lungs,
including asthma (Malaviya et al., 2017). TNF-a is elevated in
the airways of patients with severe asthma (Howarth et al,,
2005; Brightling et al., 2008), and murine studies have confirmed
the function of TNF-a. in promoting bronchoconstriction and AHR
(Kips et al., 1992; Cai et al., 2011). Although TNF-a-neutralizing
drugs are commonly used to treat patients with other diseases,
their efficacy in humans with asthma is inconclusive, in part
because of the heterogeneity of asthma severity (Hasegawa
et al.,, 2001; Raychaudhuri and Raychaudhuri, 2009). Impor-
tantly, anti-TNF therapy is generally associated with increased
risk of infection and tumor progression because of the existence
of two structurally different TNF-o receptors with opposing func-
tions: TNFRSF1a (TNFR1) and TNFRSF1b (TNFR2) (Ali et al.,
2013; Baud and Karin, 2001). TNFR1 is constitutively expressed
in most cell types and is associated with cytotoxicity because it
bears a death domain recruiting death signaling molecules
(Sedger and McDermott, 2014). The expression of TNFR2 is,
however, restricted and associated with survival and homeosta-
sis because it lacks the death domain observed with TNFR1
(Aggarwal et al., 2012). Interestingly, the TNF/TNFR2 axis in
T-regulatory (Treg) cells was recently described as a central
checkpoint modulating immune regulation (Cohen and Wood,
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2017). Tregs express higher levels of TNFR2 compared with acti-
vated conventional T cells and is crucial for Foxp3 stabilization
and Treg proliferation and activation through non-canonical nu-
clear factor kB (NF-kB) pathway activation (Wang et al., 2018;
Chen et al., 2013; Yang et al., 2019; Zou et al., 2018; Pfoertner
et al., 2006). Interestingly, the expression patterns of TNFR1
and/or TNFR2 on ILC2s and subsequent responsiveness to
TNF-a, particularly in the lungs, remain unknown.

In this study, we evaluated the functional requirement and
signaling of TNF-o on ILC2s in the context of asthma. We found
that murine ILC2s selectively express TNFR2 in response to IL-
33. Alveolar macrophages contribute to TNF-o secretion in the
lungs, and we discovered that TNF-a signaling through TNFR2
in ILC2s is crucial for their survival and function and induction
of AHR. Furthermore, TNFR2 signaling through the non-canoni-
cal NF-kB pathway is induced by TNF-«. in ILC2s, and selective
blocking of NF-kB-inducing kinase (NIK) inhibits the develop-
ment of ILC2-dependent AHR. Notably, we found that human
ILC2s also selectively express TNFR2 and that TNF-a enhances
survival and cytokine secretion. Importantly, using a human ILC2
(hILC2) adoptive transfer mouse model, we discovered that the
NIK blockade in hILC2s reduces the development of AHR and
lung inflammation in response to TNF-o. Our murine and human
findings together provide insights into the mechanisms of
allergic asthma induction and offer adapted therapeutic strate-
gies by targeting TNFR2 and the relevant signaling pathway.

RESULTS

IL-33 Promotes TNF-a Secretion and TNFR2 Expression
on ILC2s

We first addressed whether the proinflammatory cytokine TNF-a.
was induced in the lung microenvironment in response to IL-33.
To this end, we challenged BALB/c mice intranasally (i.n.) with
rmlIL-33 or PBS on 3 consecutive days. On day 4, the levels of
bronchoalveolar lavage (BAL) fluid TNF-o and the number of
TNF-a-producing cells were quantified by ELISA and flow cy-
tometry, respectively (Figure 1A). We found that i.n. challenge
with IL-33 significantly induced TNF-« levels in the BAL fluid (Fig-
ure 1B). We further showed, by intracellular staining, that

TNF-a-producing CD45" immune cells are induced upon IL-33
challenge (Figure 1C). Interestingly, we found that the majority
of these cells were alveolar macrophages (AMs) in both
naive (Figure 1D) and activated (Figure 1E) lungs (Figure 1F).
To confirm our observation, fluorescence-activated cell sorting
(FACS)-sorted AMs from activated lungs incubated ex vivo
produced significantly more TNF-a in culture compared with
naive controls (Figure 1G; Figure S1A). In comparison,
SiglecF~CD11b* cells did not secrete as much TNF-a (Fig-
ure S1B), suggesting that AMs are major immune contributors
to the TNF-a pool observed in the lungs. We next measured
the expression of the TNF-a receptors TNFR1 and TNFR2 on
ILC2s. ILC2s were gated on lineage CD45*CD127*"ST2" viable
cells and were GATA-3" (Figures 1H and 1l; Figures S1D-S1F).
We first assessed the expression pattern over time of TNFR1
and TNFR2 by flow cytometry on FACS-sorted naive ILC2s
(nILC2s) activated with IL-33 ex vivo (Figure 1J). We observed
that neither nILC2s nor IL-33 activation induced TNFR1 expres-
sion (Figure 1K). However, notably, we discovered that, although
nlLC2s expressed little TNFR2, IL-33 significantly induced
TNFR2 expression as early as 24 h after activation, reaching a
peak after 72 h (Figure 1L). To confirm our observations in an
in vivo setting, we challenged mice with PBS or IL-33 i.n. on 3
consecutive days and, on day 4, measured TNFR1 and TNFR2
expression on lung ILC2s (Figure 1M). Consistent with our
ex vivo data, we observed that nILC2s and activated ILC2s
(alLC2)s expressed little or no TNFR1 (Figure 1N). However,
ILC2s selectively and significantly upregulated the expression
of TNFR2 in response to IL-33 i.n. challenge (Figure 10). Of
note, we found that the recently claimed ST2~ CD127* popula-
tion of ILC2s failed to induce TNFR2 in response to IL-33 (Cavag-
nero et al., 2019; Figures S1G-S1I). Altogether, our data suggest
that TNF-a is present in IL-33-activated lungs and that pulmo-
nary alLC2s selectively express TNFR2.

alLC2s and TNF-a Promote the Development of AHR

To investigate the functional requirement of TNF-a. by ILC2s, we
incubated FACS-sorted pulmonary alLC2s with TNF-o and
measured cytokine secretion in the culture supernatants by Lu-
minex (Figure 2A). We discovered that TNF-o significantly

Figure 1. IL-33 Promotes TNF-o Secretion and TNFR2 Expression on ILC2s

(A) BALB/cByJ mice were challenged i.n. on days 1-3 with 0.5 ug rmIL-33 or PBS.

(B) On day 4, BAL fluid was collected, and supernatant TNF-o. was measured by ELISA.

(C) Number of TNF-a-producing CD45" lung cells on day 4, cultured for 4 h with GolgiPlug.

(D-F) Representative flow cytometry plots in naive (D) and activated (E) lungs of CD45* TNF-o* cells backgated for AMs (CD45* SiglecF* CD11b~, CD11c*, and
F4/80%) and SiglecF~CD11b* and SiglecF~CD11b~ populations and (F) corresponding quantitation presented as mean frequency + SEM .

(G) AMs were FACS sorted from PBS- or rmlL-33-challenged mice on day 4 and cultured for 24 hin vitro (10° AMs/well), and supernatant TNF-o. was measured by

ELISA.

(H and l) Gating strategy for murine ILC2s showing (H) lineage ™ staining and (I) lineage CD45* CD127* ST2* GATA-3" ILC2s.
J) nILC2s were FACS sorted from naive BALB/cByJ mice and cultured (50 x 10%/mL) ex vivo in the presence of rmIL-2 (10 ng/mL), rmIL-7 (10 ng/mL), and rmIL-33
50 ng/mL) for the indicated times. nILC2s were gated as lineage™ CD45" ST2* CD127".

MFI) + SEM.

M) BALB/cByJ mice were challenged i.n. on days 1-3 with 0.5 pg rmIL-33 or PBS.
N and O) Representative flow cytometry plot of lung ILC2 expression of TNFR1 (N) and TNFR2 (O) expression on day 4 and corresponding quantitation, presented

as MFI + SEM.

(
(
(K'and L) Representative flow cytometry plot of TNFR1 (K) and TNFR2 (L) expression and corresponding quantitation, presented as Mean Fluorescence Intensity
(
(
(

Data are representative of 4 individual experiments (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001; ns, non-significant. See also Figure S1.
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Figure 3. TNF-o Enhances ILC2 Survival and Activation via TNFR2

(A) BALB/cByJ mice were challenged i.n. on days 1-3 with 0.5 pg rmIL-33. On day 4, alLC2s were FACS sorted as lineage™ CD45" ST2* CD127* and cultured
ex vivo (50 x 10%/mL) for 24 h with rmIL-2 (10 ng/mL) and rmIL-7 (10 ng/mL) with or without rmTNF-o. (40 ng/mL).

(B) Representative flow cytometry plots of AnnexinV and DAPI expression on cultured ILC2s.

(C) Frequency of AnV*DAPI* ILC2s + SEM on cultured ILC2s.

(D) Representative flow cytometry plots of intranuclear Ki67-expressing ILC2s among cultured ILC2s and corresponding quantitation, presented as mean
frequency + SEM.

(E) Levels of IL-5 and IL-13 in cultured supernatants, measured by ELISA and normalized to the number of viable cells after culture.

(legend continued on next page)
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induced secretion of effector cytokines, including IL-5, IL-6,
IL-9, IL-13, and granulocyte-macrophage colony-stimulating
factor (GM-CSF), by ILC2s (Figure 2B). We next addressed
whether TNF-a. is involved in development of AHR and lung
inflammation in a model of ILC2-dependent asthma. A cohort
of Rag2~'~ mice was challenged with IL-33 i.n. and anti-mouse
TNF-a. (2TNF-a) or a corresponding isotype control intrave-
nously (i.v.) on 3 consecutive days. On day 4, lung function
was measured as described in the STAR Methods. Furthermore,
BAL eosinophilia and lung ILC2s were measured by flow cytom-
etry (Figure 2C). As expected, control mice challenged with IL-
33 developed significantly increased lung resistance compared
with PBS-challenged mice. However, notably, the lung resis-
tance in mice treated with «TNF-o was significantly lower than
that of controls (Figure 2D). In line with our lung resistance find-
ings, we observed a significantly improved dynamic compliance
response in mice that received «TNF-o compared with controls
(Figure 2E). Furthermore, we observed a reduced number of
BAL eosinophils and lung inflammation (Figures 2F, 2G, and
2J), as well as pulmonary ILC2s (Figures 2H and 2I), in mice
treated with o« TNF-o. compared with controls, suggesting overall
decreased airway inflammation. In line with our observations in
alymphoid mice, we found similar results in the BALB/c mouse
model (Figure S2). We next confirmed our findings in a more
physiological setting using Alternaria alternata (A. alternata), a
common allergen known to induce ILC2-dependent AHR (Fig-
ure 2K). Similar to our previous findings, we first found that i.n.
challenge with A. alternata also induced TNF-o levels in the
BAL fluid (Figure 2L). We further found that mice treated with
aTNF-a antibody developed significantly less lung resistance
compared with the controls (Figure 2M), and this observation
was associated with decreased BAL eosinophilia (Figures 2N
and 20) and lung ILC2s (Figures 2P and 2Q). Together, our re-
sults suggest, using the IL-33 model of airway inflammation as
well as the common allergen A. alternata, that TNF-o. enhances
the development of ILC2-dependent lung inflammation and
AHR.

TNF-o Enhances ILC2 Survival and Activation via TNFR2

To better characterize the function of TNF-a on lung ILC2s, we
incubated FACS-sorted pulmonary alLC2s with TNF-o. and
monitored cell viability, proliferation, and activation by flow cy-
tometry and ELISA (Figure 3A). We found that TNF-a. significantly
decreased the frequency of late apoptotic and/or necrotic (An-
nexinV* DAPI*) ILC2s after 24 h of ex vivo culture compared
with controls, suggesting that the presence of TNF-« increases
ILC2 survival (Figures 3B and 3C). Of note, at this time point,

alLC2 proliferation was surprisingly not altered by the presence
of TNF-a, as evidenced by intranuclear expression of Ki67 by
ILC2s (Figure 3D). Because TNF-o induced cytokine secretion
by alLC2s ex vivo (Figure 2B), we next investigated whether
the observed induction was the result of increased survival alone
or a combination of the latter and increased overall activation.
We therefore normalized IL-5 and IL-13 secretion of alLC2s in
the presence of TNF-a ex vivo to the number of viable cells after
culture, as performed previously (Cushnie et al., 2014; Hlush-
chuk et al., 2017). Interestingly, we found that, on a per-cell ba-
sis, alLC2s stimulated with TNF-a secrete significantly more IL-5
and IL-13 compared with controls (Figure 3E). Similarly, alLC2
cultured for 4 h with TNF-a. significantly upregulated intracellular
IL-5 and IL-13 expression ex vivo (Figures 3F and 3G). Overall,
our observations suggest that TNF-a increases ILC2 survival
as well as cytokine secretion. Because we observed that ILC2s
selectively expressed TNFR2, we next addressed the effects of
TNFR2 engagement on ILC2s ex vivo. We incubated FACS-
sorted alLC2s in the presence or absence of TNF-o and/or
o TNFR2 and measured ILC2 survival by flow cytometry (Fig-
ure 3H). Although TNF-« significantly decreased late apoptotic/
necrotic ILC2s, blocking TNFR2 in the presence of TNF-. signif-
icantly neutralized the observed effects to numbers comparable
with the controls (Figures 3l and 3J). Importantly, we measured
cytokine secretion in culture supernatants by ELISA. In line
with our previous findings, TNF-a significantly increased the
IL-5 and IL-13 levels in culture supernatants, but blocking
TNFR2 in the presence of TNF-o neutralized this effect (Fig-
ure 3K). Of note, we obtained similar results when normalizing
cytokine secretion to the number of viable cells in culture (Fig-
ure S3A). Overall, our ex vivo findings suggest that TNF-« directly
affects ILC2 survival and effector function via TNFR2 signaling.

TNF-a, via TNFR2 Signaling, Enhances ILC2 Survival and
Activation In Vivo

We next investigated the function of TNF-a and TNFR2-express-
ing ILC2s in an in vivo setting. A cohort of Rag2 ™'~ mice were
challenged with IL-33 i.n. and anti-mouse TNFR2 («TNFR2) or
the corresponding isotype control i.v. on 3 consecutive days.
On day 4, we measured pulmonary ILC2 numbers, proliferation,
and survival by flow cytometry (Figure 4A). Consistent with our
previous observations using «TNF-a, we discovered that mice
treated with o« TNFR2 showed significantly less lung ILC2s (Fig-
ures 4B and 4C), as well as BAL eosinophilia (Figures S4A-
S4C), compared with control mice. In confirmation of our
ex vivo data, we found that, although the frequency of early
apoptotic (AnnexinV* DAPI™) ILC2s was not affected by o TNFR2

(F) BALB/cByJ mice were challenged i.n. on days 1-3 with 0.5 ug rmIL-33. On day 4, alLC2s were FACS sorted as lineage™ CD45" ST2* CD127* and cultured
ex vivo (50 x 10%/mL) for 4 h with rmIL-2 (10 ng/mL) and rmIL-7 (10 ng/mL) with or without rmTNF-a (40 ng/mL) and GolgiPlug.

(G) Intracellular expression of IL-5 and IL-13 in cultured ILC2s and corresponding quantitation, presented as mean frequency + SEM.

(H) BALB/cByJ mice were challenged i.n. on days 1-3 with 0.5 pug rmIL-33. On day 4, alLC2s were FACS sorted as lineage™ CD45* ST2* CD127* and cultured
in vitro for 24 h with rmIL-2 (10 ng/mL) and rmIL-7 (10 ng/mL) with or without rmTNF-a. (40 ng/mL) and o TNFR2 (10 pg/mL). «TNFR2 was added 30 min prior to

rmTNF-o.

(I) Representative flow cytometry plots of AnnexinV/DAPI expression on cultured ILC2s.

(J) Frequency of AnV*DAPI* ILC2s + SEM on cultured ILC2s.
(K) Levels of IL-5 and IL-13 in culture supernatants, measured by ELISA.

Data are representative of 4 individual experiments (n = 5). *p < 0.05, **p < 0.01. See also Figure S3.
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Figure 4. TNF-o, via TNFR2 Signaling, Enhances ILC2 Survival and Activation In Vivo

(A) Rag2~'~ mice received i.v. injections of 100 ug «TNFR2 or an isotype control and 0.5 ug rmIL-33 or PBS i.n. on days 1-3. On day 4, lung ILC2 numbers,
proliferation, and apoptosis were measured.

(B) Representative flow cytometry plots of lung ILC2s in isotype control- or  TNFR2-treated mice. ILC2s were gated as lineage™ CD45* ST2* CD127*.

(C) Total number of lung ILC2s, presented as mean numbers + SEM.

(D and E) Representative flow cytometry plots of AnnexinV/DAPI (D) and intranuclear Ki67 expression (E) with corresponding quantitation, presented as frequency
of Ki67* ILC2s + SEM (D) and AnV*DAPI* ILC2s + SEM (E).

(legend continued on next page)
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treatment (data not shown), the frequency of late apoptotic/
necrotic (AnnexinV* DAPI*) ILC2s was increased in o TNFR2-
treated mice compared with controls (Figure 4D). Furthermore,
the frequencies of Ki67-positive ILC2s were not affected by
TNFR2 signaling (Figure 4E). Our in vivo results therefore support
an effect of TNF-o on ILC2 survival via TNFR2 signaling. Because
we also observed a direct effect of TNF-o. on cytokine secretion,
we further characterized the functional requirement of the TNF/
TNFR2 axis for ILC2 activation by performing cytokine intracel-
lular staining and measuring the expression of the transcription
factor GATA binding protein-3 (GATA-3) by flow cytometry. In
support of our previous findings, we found that ILC2s from
o TNFR2-treated mice produced significantly less IL-5 and
IL-13 compared with controls on a per-cell basis (Figure 4F).
The absolute number of ILC2-producing IL-5 and IL-13 was
equally lower in o TNFR2-treated mice because of the lower
number of ILC2s in these mice (data not shown). Additionally,
we found that ILC2s in a TNFR2-treated mice expressed signifi-
cantly less GATA-3 compared with the controls, suggesting
that the GATA-3 pathway is affected by TNF-a in ILC2s (Fig-
ure 4G). Interestingly, we found that ILC2s downregulated ST2
expression (Figure 4H) and that ILC2s further downregulated
the adhesion molecule ICAM-1 and activation marker CD44,
suggesting that they are phenotypically altered when blocking
TNFR2 (Figure S5). In confirmation of our results, we observed
a similar effect of TNFR2 in mice challenged with a more physi-
ological allergen in A. alternata (Figures S4D-S4L). Together, our
in vivo data confirm that TNF-a enhances ILC2 survival and
effector function via TNFR2 signaling.

TNF-o Signaling via TNFR2 Induces ILC2-Dependent
AHR

We next investigated the functional relevance of the TNF/TNFR2
axis in the context of ILC2-dependent development of AHR and
lung inflammation. To remove the effects of type 2 cytokine-pro-
ducing cells such as T cells, we adoptively transferred FACS-
sorted alLC2s from wild-type (WT) or TNFR2~~ mice into
Rag2~/~ ll2rg™"~ mice, as described in the STAR Methods. We
then challenged the mice with either TNF-o or PBS i.n. on 3
consecutive days and, on day 4, measured lung function and
airway inflammation (Figure 4l). We found that mice receiving
WT alLC2s and challenged with TNF-o i.n. had significantly
higher lung resistance compared with the PBS-treated controls.
However, notably, mice receiving TNFR2~~ alLC2s developed
significantly less lung resistance compared with the WT controls
(Figure 4J). Furthermore, mice receiving TNFR2~/~ ILC2s

harbored fewer BAL eosinophils, suggesting that airway inflam-
mation is impaired in the absence of TNFR2 on ILC2s (Figure 4K).
In line with our previous findings, we found fewer pulmonary
ILC2s in mice receiving TNFR2 ™~ ILC2s compared with con-
trols, suggesting that TNFR2 is essential for ILC2 maintenance
in the context of IL-33-induced airway inflammation (Figure 4L).
Of note, TNFR2 ™/~ mice did not show defects in ILC2 numbers at
homeostasis but showed a decrease in survival and activation
upon IL-33 stimulation (Figure S6). Altogether, our findings sug-
gest that the TNF/TNFR2 axis in ILC2s enhances the develop-
ment of AHR and lung inflammation.

TNFR2 Engagement on ILC2s Induces Non-canonical
NF-«B Pathway

To further elucidate the mechanisms behind the TNFR2-depen-
dent effect of TNF-a. on cell survival and cytokine secretion, we
cultured FACS-sorted alLC2s with or without TNF-o and per-
formed RNA sequencing analysis (Figure 5A). We discovered
that ILC2s treated with TNF-o differentially modulated 692
genes (320 down, 372 up, p < 0.05, 2-fold change [2FC]; Fig-
ure 5B). Importantly, we found that TNF-a. significantly induced
il5, il9, il13, csf2, and tnf mRNA (Figure 5C), confirming that
TNF-a enhances ILC2 cytokine production (Figure 2). We next
further analyzed the pathways regulated by TNF-a in ILC2s us-
ing the Ingenuity Pathway Analysis (IPA) tool. As expected, we
found that TNFR2 signaling via non-canonical NF-«B signaling
was enriched, with a p value of 2.04 x 107 and a Z score of
0.816 (Figure 5D). More specifically, both TNF receptor-associ-
ated factor 1 (Traf1) and Traf2 were upregulated by TNF-o treat-
ment. Furthermore, we found that ILC2s upregulated NIK (en-
coded by Map3k14), a crucial member of the NF-kB pathway
and regulator of the immune system (Thu and Richmond,
2010). Notably, the non-canonical NF-kB genes Nfkb2 and
Relb were statistically upregulated by TNF-a«, whereas the ca-
nonical NF-kB genes Nfkb1 and Rela were either downregu-
lated or unchanged (Figure 5D). Our transcriptomic analysis
therefore suggests non-canonical NF-kB pathway engagement
in response to TNF-a in ILC2s. NIK is essential for inhibitor of
nuclear factor-kB kinase-o. (IKKa)-induced NF-kB2 p100 pro-
cessing to p52, which, along with RelB, translocate to the nu-
cleus to activate specific gene transcription (Ling et al., 1998;
Sun, 2012). To further confirm non-canonical NF-«B pathway
engagement in response to TNF-o, we measured the expres-
sion of p65 and p52, members of the canonical and non-canon-
ical NF-kB pathway, respectively. We cultured FACS-sorted
alLC2s with or without TNF-oo and measured p65 and p52

(F) Representative flow cytometry plots of intracellular IL-5 and IL-13 expression by lung ILC2s cultured for 4 h with phorbol 12-myristate 13-acetate (PMA),
ionomycin, and GolgiPlug and corresponding quantitation, presented as mean frequency + SEM.

(G) Representative flow cytometry plots of intranuclear GATA-3 in lung ILC2s (CD45*Lin~ST2*CD127*) and corresponding quantitation, presented as MFIl + SEM.
(H) Representative flow cytometry plots of ST2 expression in GATA-3* ILC2s and corresponding quantitation, presented as mean MFI + SEM.

() C57BL/6 and TNFR2~/~ mice were challenged i.n. on days 1-3 with 0.5 g rmiL-33. On day 4, alLC2s were FACS sorted as lineage™ CD45* ST2* CD127* and
cultured in vitro for 3 days with rmIL-2 (10 ng/mL), rmIL-7 (10 ng/mL), and rmIL-33 (50 ng/mL) prior to transfer of 50 x 10 alLC2s in 2 separate cohorts of Rag ™/~
112rg~’~ mice, followed by i.n. administration of 50 ng rmTNF-a on days 1-3. On day 4, lung function, BAL, and lung ILC2s were analyzed.

(J) Lung resistance in response to increasing doses of methacholine.

(K) Total number of eosinophils in the BAL fluid, presented as mean numbers + SEM.

(L) Total number of ILC2s in the lungs, presented as mean numbers + SEM.

Data are representative of 3 individual experiments (n = 4-5). *p < 0.05, **p < 0.01. See also Figures S4-S6.
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Figure 5. TNFR2 Engagement on ILC2s Induces the Non-canonical NF-«kB Pathway
(A) BALB/cByJ mice were challenged i.n. on days 1-3 with 0.5 pg rmIL-33. On day 4, alLC2s were FACS sorted as lineage™, CD45* ST2* CD127* and cultured
in vitro for 24 h with rmIL-2 (10 ng/mL) and rmIL-7 (10 ng/mL) with or without rmTNFa (40 ng/mL).

(B) Volcano plot comparison of whole-transcriptome gene expression on ILC2s from PBS- versus rmTNF-a—stimulated ILC2s. Differentially downregulated or
upregulated genes (p < 0.05 and 2-fold change cutoff) are presented in blue and yellow, respectively.

(C) Heatmap representation of statistically differentially regulated cytokines, chemokines, and their receptors in ILC2s from PBS- versus rmTNF-a-stimulated

ILC2s.

(D) Upregulated (red) and downregulated (green) genes in the non-canonical NF-kB pathway and corresponding quantitation, presented as normalized

counts + SEM.

(E and F) Representative flow cytometry plots of NF-xB p65 (E) and NF-kB p52 (F) and corresponding quantitation, presented as MFI + SEM in rmTNF-a- versus

PBS-treated ILC2s.

Data are representative of 3 individual experiments (n = 3-5). *p < 0.05, **p < 0.01, **p < 0.001.

expression by flow cytometry. Although p65 was expressed in
ILC2s but unchanged in response to TNF-a (Figure 5E), ILC2s
expressed and induced p52 following treatment with TNF-o
(Figure 5F). Altogether, our data demonstrate that TNF-a selec-
tively induces TNFR2-dependent non-canonical NF-«xB
signaling via NIK in ILC2s.

TNF-a Signaling via NIK Enhances ILC2-Dependent AHR

Specific modulation of NIK activity is a potential therapeutic
approach for multiple diseases, including systemic lupus erythe-
matosus (SLE) (Brightbill et al., 2018). We therefore character-
ized the effects of NIK on ILC2s in response to TNF-a using a
highly selective and potent NIK small-molecule inhibitor (Das
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Figure 6. TNF-« Signaling via NIK Enhances ILC2-Dependent AHR

(A-E) BALB/cByJ mice were challenged i.n. on days 1-3 with 0.5 pg rmIL-33. On day 4, alLC2s were FACS sorted as lineage” CD45" ST2* CD127* and cultured
ex vivo for 24 h with rmIL-2 (10 ng/mL) and rmIL-7 (10 ng/mL) with or without rmTNF-a. (40 ng/mL), «TNFR2 (10 ug/mL), or NIK inhibitor (10 uM). «TNFR2 and the
NIK inhibitor were added 30 min prior to rmTNF-a.

(A and B) NF-«B p52 representative flow cytometry plots in TNFR2 (A) and NIK (B) blocking experiments on ILC2s and corresponding quantitation, presented as
MFI + SEM.

(C) Levels of IL-5 and IL-13 secretion in culture supernatants, measured by ELISA.

(D) Frequency of AnnexinV*DAPI* late apoptotic/necrotic ILC2s, presented as mean frequency + SEM.

(E) Representative flow cytometry plots of AnnexinV*DAPI* late apoptotic/necrotic ILC2s.

(F) C57BL/6 mice were challenged i.n. on days 1-3 with 0.5 ug rmIL-33. On day 4, alLC2s were FACS sorted as lineage~, CD45* ST2* CD127* and cultured ex vivo
for 3 days with rmIL-2 (10 ng/mL), rmiL-7 (10 ng/mL), and rmIL-33 (50 ug/mL) prior to transfer of 50 x 10 alLC2s in 2 separate cohorts of Rag™~ I12rg ™~ mice,
followed by i.n. administration of 50 ng rmTNF-a and i.p. injection of 250 pg NIK inhibitor or vehicle on days 1-3. On day 4, lung function, BAL, and lung ILC2s were

analyzed.
(G) Lung resistance in response to increasing doses of methacholine.

(H) Total number of eosinophils in the BAL fluid, presented as mean numbers + SEM.

(I) Total number of ILC2s in the lungs, presented as mean numbers + SEM.

Data are representative of 3 individual experiments (n = 5). *p < 0.05, **p < 0.01. See also Figure S3.

etal., 2019). We cultured FACS-sorted alLC2s with TNF-a. with or
without o TNFR2 or a NIK inhibitor and analyzed p52 expression
as a measure of non-canonical NF-xB pathway activation. We
found that treatment with «TNFR2 or a NIK inhibitor prevented
the induction of p52 observed in response to TNF-a, with similar
efficacy, suggesting that the NIK inhibitor is a potent tool to block
TNF-a-induced TNFR2 signaling in ILC2s (Figures 6A and 6B).
We next characterized the effects of NIK on ILC2 cytokine secre-

4518 Cell Reports 29, 4509-4524, December 24, 2019

tion. Although TNF-a increased IL-5 and IL-13 levels in culture
supernatants, ILC2s cultured in the presence of the NIK inhibitor
produced significantly fewer cytokines (Figure 6C; Figure S3B).
We next investigated the effects of NIK on ILC2 survival because
NIK in human T cells dramatically affects cell survival (Odqvist
etal., 2013). Although TNF-« inhibited ILC2 apoptosis, treatment
with the NIK inhibitor increased the frequency of late apoptotic/
necrotic ILC2s to values comparable with the controls or
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Figure 7. TNFR2 Signaling, via NIK Signaling, Enhances AHR in hILC2 Recipient Mice

(A) Human peripheral blood ILC2s were FACS sorted from human peripheral blood mononuclear cells (PBMCs) and cultured (5 x 10%/mL) for 72 h with rhiL-2
(10 ng/mL) and rhIL-7 (10 ng/mL) with or without rhIL-33 (50 ng/mL).

(B) hILC2s were gated as CD45" lineage™ CD127* CRTH2*.

(C and D) Representative flow cytometry plots of hnTNFR1 (C) and hTNFR2 (D) expression in hILC2s and corresponding quantitation, presented as MFI + SEM.
(E) FACS-sorted hILC2s were cultured (5 x 10*/mL) for 72 h with rhIL-2 (10 ng/mL) and rhiL-7 (10 ng/mL) with or without rhIL-33 (50 ng/mL) or «TNFR2 (10 ug/mL).
o.TNFR2 was added 30 min prior to rhTNF-a.

(F) Representative flow cytometry plots of AnnexinV/DAPI expression on cultured hILC2s.

(G) Frequency of AnV*DAPI* ILC2s + SEM on cultured hILC2s.

(H) Levels of IL-5 and IL-13 secretion in culture supernatants, measured by ELISA.

() FACS-sorted hILC2s were cultured (5 x 10%/mL) for 72 h with rhIL-2 (10 ng/mL), rhIL-7 (10 ng/mL), and rhIL-33 (50 ng/mL) in vitro for 3 days prior to transfer of
50 x 10°ILC2s in 2 separate cohorts of Rag ™~ l12rg ™~ mice, followed by i.n. administration of 50 ng rhTNF- and i.p. injection of 250 ug NIK inhibitor or vehicle on
days 1-4. On day 5, lung function, BAL, and lung ILC2s were analyzed.

(legend continued on next page)
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o TNFR2-treated ILC2s (Figures 6D and 6E). Furthermore, the ef-
fects of TNFR2 or NIK did not synergize when blocking both
simultaneously, suggesting that they are involved in the same
pathway (Figures 6D and 6E). We next investigated the effects
of NIK on the development of ILC2-dependent AHR and lung
inflammation. We adoptively transferred WT alLC2s to Rag™~
lI2rg™~ mice as described in the STAR Methods, followed by
TNF-o i.n. and NIK inhibitor or vehicle intraperitoneally (i.p.) on
3 consecutive days before lung function, BAL eosinophilia, and
lung ILC2s were measured (Figure 6F). Although vehicle-treated
mice had significantly higher lung resistance compared with
controls, NIK inhibition prevented the development of lung resis-
tance in response to TNF-a (Figure 6G). Furthermore, mice
treated with the NIK inhibitor harbored significantly fewer BAL
eosinophils compared with vehicle-treated mice (Figure 6H).
Consistent with our ex vivo findings, we found fewer lung
ILC2s in mice treated with NIK inhibitor compared with controls,
suggesting that NIK is involved in ILC2 survival (Figure 6l). Alto-
gether, our findings suggest that TNFR2 and the downstream
signaling molecule NIK are involved in the development of
ILC2-dependent AHR and lung inflammation via modulation of
ILC2 survival and effector functions.

TNFR2 and NIK Signaling Enhance the Induction of AHR
in hILC2 Recipient Mice

We next investigated whether the observations from our murine
studies translate to hILC2s. Peripheral blood ILC2s from healthy
donors were FACS-sorted as described in the STAR Methods
and cultured ex vivo with IL-33 to measure TNFR1 and TNFR2
expression by flow cytometry (Figure 7A). hILC2s were gated
as CD45", lineage ™, CRTH2*, and CD127" and sorted to a purity
of more than 95% (Figure 7B). Consistent with our murine obser-
vations, we discovered that hILC2s did not express TNFR1,
neither at steady state nor upon IL-33 stimulation (Figure 7C).
However, notably, they expressed basal levels of TNFR2, which
was efficiently induced by IL-33 stimulation (Figure 7D). To eval-
uate the function of the TNF/TNFR2 axis in hILC2s, we cultured
FACS-sorted hILC2s with TNF-a. in the presence of anti-human
TNFR2 and measured survival and cytokine production in the
culture supernatants (Figure 7E). In confirmation of our murine
studies, we found that TNF-a decreased the frequency of late
apoptotic/necrotic hILC2s, an effect that was neutralized by
blocking TNFR2 (Figure 7F-G). We next found that hILC2s
secreted higher levels of IL-5 and IL-13 under TNF-a stimulation,
which was inhibited when blocking TNFR2 (Figure 7H; Fig-
ure S3C). Interestingly, we found a similar effect on IL-6, IL-9,
and GM-CSF (data not shown). We next assessed whether the
TNF/TNFR2 axis was involved in the development of AHR and
lung inflammation in hILC2-transferred mice. We therefore adop-
tively transferred FACS-sorted hILC2s to Rag™~ 112rg~'~ mice,
as described in the STAR Methods, followed by 4 consecutive
days of TNF-a i.n. challenge. Because we previously observed
that the NIK inhibitor efficiently suppressed TNFa-induced

TNFR2 signaling, mice received either vehicle or the NIK inhibitor
i.p., and on day 5, lung function, BAL eosinophilia, and lung
ILC2s were measured (Figure 71). We found that mice treated
with the vehicle developed significantly higher lung resistance
compared with the controls. However, notably, treatment of
mice with the NIK inhibitor prevented the development of lung
resistance to levels similar to the controls (Figure 7J). Moreover,
the number of BAL eosinophils was lower in mice that received
the NIK inhibitor (Figure 7K). Finally, we discovered that treat-
ment with the NIK inhibitor decreased the number of pulmonary
ILC2s in response to TNF-a challenge, suggesting that TNF-a
and TNFR2 signaling modulate hILC2 survival (Figure 7L). Taken
together, these results indicate that human peripheral ILC2s
selectively express TNFR2 and that the TNF/TNFR2 axis plays
a crucial role in hILC2 survival and function in the context of
asthma.

DISCUSSION

Elevated levels of TNF-o were found in the airways of asthmatics,
suggesting that TNF-a is involved in the development of asthma
(Bradding et al., 1994). Notably, TNF-« is rapidly induced in the
sputum of allergic asthma patients upon allergen exposure,
and TNF-« inhalation induces lung resistance in healthy volun-
teers (Keatings et al., 1997; Thomas, 2001). TNF-a is known to
trigger smooth muscle cell contractility, epithelial cell prolifera-
tion, and neutrophil and eosinophil chemotaxis, suggesting a
direct effect on the development of asthma symptoms (Vieira
etal., 2009; Anticevich et al., 1995; Sasaki et al., 2000). The sour-
ces of TNF-a following airway allergen exposure include lung
epithelial cells, AMs, monocytes, and mast cells (Berry et al.,
2006; Bradding et al., 1994). Using the model of IL-33-induced
airway contraction, we show that IL-33 induces TNF-a secretion
by AMs, suggesting that AMs contribute to the total TNF-o pool
in the lungs. We observed that freshly FACS-sorted AMs from IL-
33-challenged airways produced significantly more TNF-a
compared with naive mice ex vivo; our observations are in line
with previous findings suggesting that IL-33 drives AM activation
in a model of chronic asthma (Bunting et al., 2013).

Anti-TNF therapy consists of antagonizing TNF-a,, a pleiotropic
cytokine with a wide range of biological functions that include
proliferation, apoptosis, and tissue remodeling (Malaviya et al.,
2017). The various activities of TNF-a. are mediated by two struc-
turally distinct receptors with opposing functions, TNFR1 and
TNFR2, suggesting that targeting such cytokines may cause un-
wanted adverse effects linked to the fact that signaling through
both receptors is affected (Aggarwal, 2003). Although TNF-
blocking agents have caused improvements of asthma symp-
toms in both steroid-resistant and -dependent patients, there
have been some major concerns about increased infection risks
and tumor development in patients (Taillé et al., 2013; Ali et al.,
2013). Common side effects include bacterial, fungal, viral, and
parasitic infections that can, in some cases, lead to treatment

(J) Lung resistance in response to increasing doses of methacholine.

(K) Total number of eosinophils in the BAL, presented as mean numbers + SEM.

(L) Total number of ILC2s in the lungs, presented as mean numbers + SEM.

Data are representative of 4 individual donors. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3.
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withdrawal. A better understanding of the TNF receptor signa-
ture expressed by the cells involved in diseases such as asthma
will therefore provide valuable information for the development
of an adapted treatment to target TNF-« in patients.

We observed in our study that pulmonary ILC2s selectively
induced TNFR2 expression following IL-33 stimulation ex vivo
and in vivo, and, notably, they did not express or induce
TNFR1. alLC2s stimulated with TNF-a secreted significantly
higher levels of effector cytokines, including IL-5, IL-6, IL-9, IL-
18, and GM-CSF, suggesting a beneficial role of TNF-« in ILC2
effector functions. In such settings, we discovered that blocking
TNF-a in vivo using anti-mouse TNF-a. efficiently ameliorated the
development of ILC2-dependent AHR using IL-33 and
A. alternata models of airway inflammation. We observed overall
decreased lung inflammation with reduced numbers of eosino-
phils in the BAL fluid and notably fewer pulmonary ILC2s
compared with controls. Our results suggest that TNF-a plays
a pivotal role in lung inflammation and eosinophilia in ILC2-
dependent asthma.

Our ex vivo and in vivo studies suggest that TNF-a acts on
ILC2 survival and effector functions. Specifically, ex vivo, TNF-
o enhanced ILC2 survival and also notably increased cytokine
secretion; this effect was TNFR2-dependent. In confirmation
of our observations, we found that blocking TNFR2 upon IL-
33 i.n. challenge affected pulmonary ILC2-dependent airway
inflammation in vivo. Most notably, we found that blocking
TNFR2 signaling in vivo dramatically affected ILC2 survival
because mice treated with TNFR2-blocking antibody harbored
significantly fewer pulmonary ILC2s, and apoptotic markers
were increased in ILC2s of these mice. In addition to being
crucial for ILC2 survival, we observed that TNF-o substantially
contributed to cytokine production by ILC2s; we found that the
production of IL-5 and IL-13 by ILC2s was significantly reduced
in the absence of TNFR2 in vivo. In agreement with these find-
ings, we observed that TNFR2~/~ ILC2s induced significantly
lower AHR and lung inflammation compared with WT ILC2s
transferred to Rag2 ™/~ 1127/~ mice challenged i.n. with TNF-c.
Together, our findings suggest that TNFR2 on ILC2s positively
modulates their survival and effector function in response to
exogenous TNF-o and that it promotes the development of
ILC2-dependent AHR. A role of the TNF/TNFR2 axis in cell
survival and activation has been observed previously on T cells
(Cohen and Wood, 2017). TNFR2 is predominantly expressed
on a subset of highly suppressive human and mouse CD4*
CD25" FoxP3* Tregs and is associated with FoxP3 stabilization
as well as Treg proliferation and cytokine secretion (Chen et al.,
2007, 2008, 2013; Chopra et al., 2016; Yang et al., 2019; Aggar-
wal, 2003). Blocking the TNF/TNFR2 axis by targeting TNFR2
rather than TNF-o. may therefore provide a different approach
for treating diseases such as asthma, where TNF-a. plays a path-
ologic role.

The transcription factor GATA-3 is expressed by ILC2s and
plays a pivotal role in the regulation of ILC2 effector functions
(Mjosberg et al., 2012; Lei et al., 2018). Notably, we found that
GATA-3 expression was impaired in the absence of TNFR2
signaling in both IL-33 and A. alternata models of airway inflam-
mation. This suggests that the TNF/TNR2 axis may directly con-
trol the secretion of effector cytokines such as IL-5 and IL-13 by

affecting GATA-3 expression, as observed in other studies (Lei
et al., 2018). This effect on GATA-3 may explain the observed
decrease in IL-33 receptor (ST2) expression, supporting previ-
ous reports that GATA-3 controls ST2 expression in ILC2s
(Zhu, 2017; Lewis et al., 2019). Interestingly, impaired respon-
siveness to IL-33 has been shown previously to further affect
ILC2 effector functions (Kearley et al., 2015). Together, our
data suggest that the TNF/TNFR2 axis controls ILC2 effector
functions by modulating GATA-3 expression.

Although also involved in the canonical NF-kB pathway, NIK is
a serine/threonine kinase involved in phosphorylation of IKKa
and p100, generation of p52, and translocation to the nucleus
(Xiao et al., 2001). Interestingly, NIK activity is associated with
multiple malignancies, and studies have shown that knockdown
of NIK leads to anti-tumor effects (Thu et al., 2012; Saitoh et al.,
2008). Importantly, NIK is linked to T and B cell survival in tumors
by targeting non-canonical NF-kB pathway activation (Sasaki
et al., 2008; Odqvist et al., 2013). Furthermore, targeting the
non-canonical NF-kB pathway using small-molecule NIK inhibi-
tors in cancer or experimental lupus showed promising results
regarding pathology scores (Brightbill et al., 2018; Das et al.,
2019; Mortier et al., 2010). In our study, we observed that
ILC2s treated with TNF-a ex vivo selectively activated the non-
canonical NF-kB pathway. Our transcriptomic analysis showed
that Nfkb2 and RelB were upregulated, whereas Nfkb1 and
Rela were either unaffected or downregulated. Furthermore,
treatment of ILC2s with TNF-a did not affect p65 expression in
ILC2s but efficiently upregulated p52. Importantly, NIK, encoded
by the Map3k14 gene, was induced by TNF-o treatment, and
blocking TNFR2 or NIK efficiently reduced p52 expression in
response to TNF-a. As a result, we showed that inhibiting NIK
ex vivo efficiently neutralized the beneficial effects of TNF-a on
ILC2 survival and activation. In agreement with our findings,
Rag2~/~ 27~ mice receiving WT ILC2s and treated with the
NIK inhibitor in vivo developed less lung resistance and airway
inflammation compared with controls. Importantly, these mice
also harbored fewer pulmonary ILC2s, suggesting that, similar
to TNFR2 blocking, NIK inhibition affects ILC2 survival in vivo.
Together, our observations suggest that the TNF/TNFR2 axis,
via NIK, enhances ILC2-dependent development of AHR.

In addition, we found that hILC2s selectively expressed and
induced TNFR2 in response to IL-33 stimulation. Similar to our
murine findings, we observed that TNF-o increased hILC2
survival and cytokine secretion in culture. We further found
that the increased IL-5 and IL-13 secretion in ILC2s treated
with TNF-a ex vivo was abrogated when TNFR2 was blocked.
We next validated our murine observations in a hILC2 transfer
mouse model, as described previously (Maazi et al., 2015).
This model is a platform to study the function of hILC2s
in the context of asthma and to test potential therapeutic
strategies. We showed, using this model, that treatment of
mice with the NIK inhibitor efficiently inhibited the develop-
ment of lung resistance and airway inflammation in response
to TNF-a. Furthermore, mice that received the NIK inhibitor
harbored fewer pulmonary ILC2s compared with controls,
suggesting that TNF-« is involved in hILC2 survival. Together,
these findings highlight the importance of the TNF/TNFR2 axis
in hILC2 survival and activation and provide valuable evidence
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that our findings on murine ILC2s can translate to a clinical
approach.

In conclusion, we demonstrate in this study that the TNF/
TNFR2 axis enhances ILC2-dependent development of AHR
and lung inflammation in murine models and in mice reconsti-
tuted with hILC2s. We show that both mouse and human
alLC2s selectively express TNFR2 and that exogenous TNF-.
provides essential modulatory signals to ILC2s, positively
affecting survival and activation. Importantly, we show that inhib-
iting TNFR2-dependent NF-«B non-canonical signaling using a
NIK inhibitor efficiently affected murine and hILC2 survival as
well as effector function, preventing development of AHR and
lung inflammation. Although inhibition of TNF-o. had similar ef-
fects, systemic toxicity of such treatment cannot be excluded
because signaling through TNFR1 and TNFR2 is affected. Tar-
geting specific TNF-a. receptors or, more specifically, the down-
stream signaling molecule NIK therefore is a more targeted
approach to monitor the effects of TNF-a. With the discovery
of a different pathway regulating ILC2 survival and effector func-
tions, we believe that our findings set the stage for the develop-
ment of adapted therapeutic strategies against diseases such as
asthma.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Biotin anti-mouse CD3e¢ (clone 145-2C11) BioLegend Cat # 100304; RRID: AB_312669
Biotin anti-mouse CD5 (clone 53-7.3) BioLegend Cat # 100604; RRID: AB_312733
Biotin anti-mouse TCR-p (clone H57-597) BioLegend Cat # 109204; RRID: AB_313427
Biotin anti-mouse/human CD45R (clone RA3-6B2) BioLegend Cat # 103204; RRID: AB_312989
Biotin anti-mouse Gr-1 (clone RB6-8C5) BioLegend Cat # 108404; RRID: AB_313369
Biotin anti-mouse CD11c (clone N418) BioLegend Cat # 117304; RRID: AB_313773
Biotin anti-mouse/human CD11b (clone M1/70) BioLegend Cat # 101204; RRID: AB_312787
Biotin anti-mouse TER-119 (clone TER-119) BioLegend Cat # 116204; RRID: AB_313705
Biotin anti-mouse FCeRla (clone MAR-1) BioLegend Cat # 134304; RRID: AB_1626106
FITC Streptavidin BioLegend Cat # 405202

PE/Cyanine7 anti-mouse CD127 (clone A7R34) BioLegend Cat # 135014; RRID: AB_1937265
APC/Cyanine7 anti-mouse CD45 (clone 30-F11) BioLegend Cat # 103116; RRID: AB_312981
PE/Cyanine7 anti-mouse CD45 (clone 30-F11) BioLegend Cat # 103114; RRID: AB_312979

APC anti-mouse CD120a (clone 55R-286) BioLegend Cat # 113006; RRID: AB_2208779
PerCP/Cyanine5.5 anti-mouse CD11c (clone N418) BioLegend Cat # 117328; RRID: AB_2129641
APC/Cyanine7 anti-mouse CD11c (clone N418) BioLegend Cat # 117324; RRID: AB_830649

FITC anti-mouse CD19 (clone 6D5) BioLegend Cat # 115506; RRID: AB_313641

APC anti-mouse Gr-1 (clone RB6-8C5) BioLegend Cat # 108412; RRID: AB_313377
PerCP/Cyanine5.5 anti-mouse CD3 (clone 17A2) BioLegend Cat # 100218; RRID: AB_1595492
APC anti-mouse CD170/SiglecF (clone S17007L) BioLegend Cat # 155508; RRID: AB_2750237
Brilliant Violet 421 anti-mouse CD135 (clone A2F10) BioLegend Cat # 135314; RRID: AB_2562339
Brilliant Violet 510 anti-mouse CD25 (clone PC61) BioLegend Cat # 102042; RRID: AB_2562270
APC anti-mouse LPAM-1 (clone DATK32) BioLegend Cat # 120608; RRID: AB_10730607
PE anti-mouse TNF-a (clone MP6-XT22) BioLegend Cat # 506306; RRID: AB_315427
Biotin anti-mouse TCR-v?d (clone eBioGL3) Thermofisher Cat # 13-5711-85; RRID: AB_466669
PE/Cyanine7 anti-mouse F4/80 (clone BM8) Thermofisher Cat # 25-4801-82; RRID: AB_469653
PerCP/eFluor710 anti-mouse ST2 (clone RMST2-2) Thermofisher Cat # 46-9335-82; RRID: AB_2573883
eFluor 450 anti-mouse CD11b (clone M1/70) Thermofisher Cat # 48-0112-82; RRID: AB_1582236
APC anti-mouse/human Ki-67 (clone SolA15) Thermofisher Cat # 17-5698-82; RRID: AB_2688057
PE anti-mouse/human GATA-3 (clone TWAJ) Thermofisher Cat # 12-9966-42; RRID: AB_1963600
eFluor 450 anti-mouse IL-13 (clone eBio13A) Thermofisher Cat # 48-7133-82; RRID: AB_11219690
PE anti-mouse/human IL-5 (clone TRFK5) Biolegend Cat # 504304; RRID: AB_315328

PE anti-mouse CD170/SiglecF (clone E50-2440) BD Biosciences Cat # 552126; RRID: AB_394341

PE anti-mouse CD120b (clone TR75-89) BD Biosciences Cat # 550086; RRID: AB_393556

APC Streptavidin

FITC anti-human lineage CD3 (clone UCHT1), CD14 (clone HCD14),
CD16 (clone 3G8), CD19 (clone HIB19), CD20 (clone 2H7), CD56

(clone HCD56)

APC/Cyanine? anti-human CD45 (clone HI30)
PE/Cyanine anti-human CD127 (clone A019D5)
FITC anti-human CD235a (clone HI264)

FITC anti-human FCeRla. (clone AER-37)

FITC anti-human CD1a (clone HI149)

BioLegend
BioLegend

BioLegend
BioLegend
BioLegend
BioLegend
BioLegend

Cat # 405207

Cat # 348801; RRID:

Cat # 304014; RRID:
Cat # 351320; RRID:
Cat # 349104, RRID:
Cat # 334608; RRID:
Cat # 300104; RRID:

AB_10612570

AB_314402
AB_10897098
AB_10613463
AB_1227653
AB_314018

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

FITC anti-human CD123 (clone 6H6) BioLegend Cat # 306014; RRID: AB_2124259
FITC anti-human CD5 (clone L17F12) BioLegend Cat # 364022; RRID: AB_2566248
APC anti-human CD120a (W15099A) BioLegend Cat # 369906; RRID: AB_2650764

BV421 anti-human CD120b (hnTNFR-M1)

PE anti-mouse/human RelA/NFkB p65 (clone 532301)
Alexa Fluor 647 anti-mouse/human NF«B p52 (clone C-5)
Anti-mouse CD120b (clone TR75-54.7)

Anti-mouse TNF-a (clone XT3.11)

Anti-human CD120b (clone 3G7A02)

BD Biosciences

R&D Systems

Santa Cruz Biotechnology
BioXcell

BioXcell

BioLegend

Cat # 742984; RRID: AB_2741188
Cat # 1C5078P

Cat # sc-7386 AF647

Cat # BE0247; RRID: AB_2687728
Cat # BP0058; RRID: AB_1107764
Cat # 358408; RRID: AB_2563224

Chemicals, Peptides, and Recombinant Proteins

Collagenase Type 4
Recombinant mouse IL-2
Recombinant mouse IL-7
Recombinant mouse TNF-a
Recombinant mouse IL-33
Recombinant human IL-2
Recombinant human IL-7
Recombinant human TNF-a
Recombinant human IL-33
1,3[2H,4H]-Isoquinolinedione
Phorbol 12-myristate 13-acetate
lonomycin calcium salt

DAPI

Lymphoprep
Acetyl-B-methylcholine chloride
Alternaria alternata

Worthington Biochemical
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend

AK Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Axis-Shield
Sigma-Aldrich
Greer Laboratories

Cat # LS004189
Cat # 575408

Cat # 577808

Cat # 575204

Cat # 580508

Cat # 589108

Cat # 581908

Cat # 570104

Cat # 581808

Cat # W6338

Cat # P1585-1MG
Cat # 10634-1MG
Cat # D9542-1MG
Cat # AXS-1114544
Cat # A2251-25G
Cat # XPM1D3A25

Critical Commercial Assays

Mouse IL-5 Uncoated ELISA Kit

Mouse IL-13 Uncoated ELISA Kit

Mouse TNFa Uncoated ELISA Kit

Human IL-5 Uncoated ELISA Kit

Human IL-13 Uncoated ELISA Kit

RNeasy Micro kit

Annexin V Apoptosis Detection Kit-PE
FOXP3/Transcription Factor Staining Buffer Set
BD Cytofix/Cytoperm Plus

Thermofisher
Thermofisher
Thermofisher
Thermofisher
Thermofisher
QIAGEN
Thermofisher
Thermofisher
BD Biosciences

Cat # 88-7054-88
Cat # 88-7137-88
Cat # 88-7324-88
Cat # 88-7056-88
Cat # 88-7439-88
Cat # 74004

Cat # 88-8102-74
Cat # 00-5523-00
Cat # 555028

Deposited Data

RNaseq data

This paper

GEO: GSE133672

Experimental Models: Organisms/Strains

Mouse: C57BL/6J Jackson laboratories Cat # 000664
Mouse: BALB/cByJ Jackson laboratories Cat # 000651
Mouse: B6.129S7-Tnfrsf1b™"'"™/J Jackson laboratories Cat # 003246
Mouse: C.B6(Cg)-Rag2™?-1¢9"/J Jackson laboratories Cat # 008448
Mouse: C;129S4-Rag2!™!-1FIV |)orgim1-1FIv/ Jackson laboratories Cat # 017707
Software and Algorithms

FlowdJo analysis software version 9 and 10 TreeStar N/A

Prism analysis software version 5-8 GraphPad N/A

Partek Flow Genomic Analysis Software Partek N/A
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Ingenuity Pathway Analysis (IPA) QIAGEN N/A

ImageJ NIH N/A

Other

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Thermofisher Cat # L34957
LIVE/DEAD Fixable Violet Dead Cell Stain Kit Thermofisher Cat # L34955
CD294 (CRTH2) Microbead Kit human Miltenti Biotec Cat # 130-091-274
CountBright absolute counting beads Thermofisher Cat # C36950

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Omid
Akbari (akbari@usc.edu). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse experiments

Experimental protocols were approved by the USC institutional Animal Care and Use Committee (IACUC) and conducted in accor-
dance with the USC Department of Animal Resources’ guidelines. 5-10 week old age and sex matched mice were used in the studies.
C57BL/6J, BALB/cByJ, TNFR2 deficient (B6.129S7-Tnfrsf1b™ "™ /J), RAG2 deficient (C.B6(Cg)-Rag2™'-1°9"/J), RAG2-, IL-2Rg-
deficient (C;129S4-Rag2™"- 1"V [12rg™"1F¥/J) mice were bred in our animal facility at the Keck School of Medicine, University of
Southern California (USC).

Human subjects

Experimental protocols were approved by the USC Institutional Review Board (IRB) and conducted in accordance to the principles of
the Declaration of Helsinki. Studies were performed on blood from adult unidentified healthy donors collected at Children’s Hospital
in Los Angeles. A total of 8 donors were required to perform experiments.

METHOD DETAILS

In vivo experiments and tissue preparation

When indicated, mice were challenged on 3 consecutive days with 0.5pg/mouse in 50uL of carrier-free rmIL-33 or vehicle. For
A. alternata experiments, mice were challenged on 4 consecutive days with 100pg/mouse in 50uL of A. alternata or vehicle. In studies
investigating the effect of TNFoa or TNFR2, mice were intravenously injected on 3 consecutive days with 100ug anti-mouse TNFa
(clone XT3.11) or anti-mouse TNFR2 (clone TR75-54.7) or appropriate isotype controls. On day 4 (rmIL33) or 5 (A. alternata), lungs
were collected and processed for the indicated readout. Following transcardial perfusion with PBS 1X to clear lungs of red blood
cells, collected lungs were then digested in collagenase Type IV (400U/mL) at 37°C for one hour and then processed to single cell
suspension through a 70um nylon cell strainer (Falcon®) as described previously (Maazi et al., 2015).

Flow Cytometry

The following murine antibodies were used: biotinylated anti-mouse lineage CD3e (145-2C11), CD5 (53-7.3), TCRB (H57-597),
TCR-v3d (eBioGL3), TCRb (H57-597), CD45R (RA3-6B2), Gr-1 (RB6-8C5), CD11c (N418), CD11b (M1/70), Ter119 (TER-119), FceRla
(MAR-1), Streptavidin-FITC, PE-Cy7 anti-mouse CD127 (A7R34), APCCy7 anti-mouse CD45 (30-F11), PECy7 anti-mouse CD45
(30-F11), APC anti-mouse CD120a (55R-286), PerCPCy5.5 anti-mouse CD11c (N418), APCCy7 anti-mouse CD11c (N418), FITC
anti-mouse CD19 (6D5), APC anti-mouse Gr-1 (RB6-8C5), PerCPCy5.5 anti-mouse CD3 (17A2), APC anti-mouse SiglecF
(817007L), BV421 anti-mouse CD135 (FIt3, AFF10), BV510 anti-mouse CD25 (PC61) and APC anti-mouse LPAM-1 (DATK32),
PECy7 anti-mouse F4/80 (BM8), PerCP-eFluor710 anti-mouse ST2 (RMST2-2), eFluor450 anti-mouse CD11b (M1/70), PE
anti-mouse SiglecF (E50-2440), PE anti-mouse CD120b, Streptavidin Alexa Fluor 647. Intranuclear staining was performed using
the Foxp3 Transcription Factor Staining Kit according to the manufacturer’s instructions and APC anti-mouse Ki67 (SolA15) and
PE anti-GATA-3 (TWAJ) were used. Intracellular staining was performed using the BD Cytofix/Cytoperm kit. When indicated, cytokine
production was measured following 4 hours in vitro stimulation with 50ug/mL PMA, 500pg/mL ionomycin and/or 1pg/mL Golgi plug.
PE anti-mouse/human IL-5 (TRFKS5), PE anti-mouse TNFa (MP6-XT22) and eFluor450 anti-mouse IL-13 (eBio13A) were used. Intra-
cellular straining of NFkB p65 and p52 was performed according to the manufacturer’s instructions and PE anti-human/mouse RelA
NFkB p65 (IC5078P) and Alexa Fluor 647 anti-human/mouse NFkB p52 (C-5) were used. For apoptosis staining, AnnexinV-PE and
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DAPI were used according to the manufacturer’s instructions. The following human antibodies were used: FITC anti-human lineage
cocktail including CD3 (clone UCHT1), CD14 (clone HCD14), CD16 (clone 3G8), CD19 (clone HIB19), CD20 (clone 2H7), CD56 (clone
HCD56). Additional lineage markers were added: FITC anti-human CD235a (Clone HI264), FITC anti-human FCeRla (clone AER-37),
FITC anti-human CD1a (clone HI149), FITC anti-human CD123 (clone 6H6) and FITC anti-human CD5 (clone L17F12). APCCy7
anti-human CD45 (HI30), PECy7 anti-human CD127 (A019D5), APC anti-human CD120a (W15099A), BV421 anti-human CD120b
(hTNFR-M1 RUO) were further used. Live/dead fixable violet or aqua dead cell stain kits were used to exclude dead cells and
CountBright absolute counting beads to calculate absolute cell numbers when indicated. Stained cells were analyzed on FACSCanto
Il and/or FACSARIA Il systems and the data was analyzed with FlowJo version 9 or 10 software.

Murine ILC2 or macrophage isolation and in vitro culture

Murine ILC2s and alveolar macrophages were FACS-sorted to a purity of > 95% on a FACSARIA Il system. nILC2s and naive AM
macrophages were purified from the lungs of naive mice, whereas alLC2s and activated AM macrophages were purified from the
lungs of mice challenged on 3 consecutive days with 0.5ug/mouse in 50uL of carrier-free rmlIL-33. ILC2s were gated as lineage
(CD3e, CD5, CD45R, Gr-1, CD11c, CD11b, Ter119, TCRy3, TCRpB and FCeRla) negative CD45*, ST2*, CD117* cells. Isolated
ILC2s were cultured at 37°C (5x10%/mL) with rmIL-2 (10ng/mL) and rmIL-7 (10ng/mL) in complete RPMi (cRPMi). For cRPMi,
RPMI (GIBCO) was supplemented with 10% heat-inactivated FBS (Omega Scientific), 100 units/mL penicillin and 100mg/mL strep-
tomycin (GenClone). In TNFR1 and TNFR2 expression kinetics experiments, nlLC2s were activated with 50ng/mL rmlIL-33 for the
indicated times. When mentioned, ILC2s were treated with 40ng/mL rmTNFo for the indicated times. In TNFR2 and NIK blocking ex-
periments, 10pug/mL anti-TNFR2 or corresponding isotype, and 10uM NIK inhibitor 1, 3[2H, 4H]-Isoquinolinedione or vehicle were
added 30 minutes prior rmTNFa. AM macrophages were gated as CD45", SiglecF*, CD11b", CD11c*, F4/80". Naive or activated
AM macrophages were cultured (10%/mL) in complete DMEM (GIBCO) supplemented with 10% heat-inactivated FBS (Omega
Scientific), 100 units/mL penicillin and 100mcg/mL streptomycin (GenClone) for the indicated times at 37°C.

Human ILC2 isolation and in vitro culture

Human peripheral blood ILC2s were isolated from total peripheral blood mononuclear cells (PBMCs) to a purity of > 95% on a
FACSARIA Ill system as described previously (Maazi et al., 2015). Briefly, human fresh blood was first diluted 1:1in PBS 1X and trans-
ferred to SepMateTM-50 separation tubes (STEMCELL Technologies) filled with 12mL Lymphoprep™. Samples were centrifuged for
10 minutes and PBMCs were collected. CRTH2* cells were then isolated using the CRTH2 MicroBead Kit, used according to the
manufacturer’s conditions. Samples were then stained and ILC2s were isolated based on the absence of common lineage markers
(CDg, CD5, CDh14, CD16, CD19, CD20, CD56, CD235a, CD1a, CD123), and the expression of CD45, CRTH2 and CD127. Isolated
ILC2s were cultured at 37°C (5x10*/mL) with rhiL-2 (10ng/mL) and rhIL-7 (10ng/mL) in cRPMi. When indicated, human ILC2s
were activated with 50ng/mL rhIL-33 for the indicated times. In TNFR2 blocking experiments, 10ug/mL anti-human TNFR2
(8G7A02) was added 30 minutes prior adding 40ng/mL rhTNFa.

Murine adoptive transfer, humanized mice and measurement of lung function

Murine C57BL/6 or TNFR2 deficient alLC2s were isolated as described above and cultured with rmIL-2, rmIL-7 and rmIL-33 for
3 days prior transfer. 50 x 10% alLC2s were intravenously transferred to sex and age matched Rag2~/~ l12rg~'~ mice followed by
intranasal administration of 50ng in 50uL rmTNFe. For humanized mice, peripheral blood ILC2s were isolated as described above
and cultured with rhIL-2, rhIL-7 and rhIL-33 for 3 days prior transfer. 50 x 10 ILC2s were intravenously transferred to sex and
age matched Rag2~~ 112rg~’~ mice followed by intranasal administration of 50ng in 50uL rhTNFa. In experiments studying the effect
of NIK, 250ug of NIK inhibitor 1, 3[2H, 4H]-Isoquinolinedione or vehicle were i.p. injected for the indicated times. On day 4 or 5, lung
function was measured as described previously using the FinePointe RC system (Buxco Research Systems) (Maazi et al., 2013,
2015). Briefly, mice were surgically tracheotomized under deep anesthesia and placed on the mechanically ventilated system where
increasing doses of methacholine are sequentially nebulized. For each dose, lung resistance and dynamic compliance were
measured and computed over a 3 minutes period.

Collection of BAL fluid and histology

BAL fluid was collected as previously described (Maazi et al., 2015). Briefly, tracheotomized mice were cannulated and lungs washed
3 times with TmL PBS 1X. Harvested cells were centrifuged to collect BAL supernatant and cells were further stained for flow cytom-
etry analysis. When stated, one lobe per lung was collected and stored in PFA 4% for histology, as described previously (Maazi et al.,
2015). Briefly, lungs were embedded in paraffin and sections of 4um prepared for hematoxylin and eosin (H&E) staining. Histology
pictures were acquired on a Leica DME microscope and Leica ICC50HD camera (Leica) and analyzed with Imaged.

Cytokine measurements

The amounts of cytokines in BAL or culture supernatants were measured by ELISA. Murine IL-5, IL-13, TNFa and human IL-5
and IL-13 ELISA kits were used according to the manufacturer’s instructions. Other cytokines were measured by multiplexed fluo-
rescent bead-based immunoassay detection (MILLIPLEX® MAP system, Millipore Corporation) according to the manufacturer’s
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instructions, using a combination of 32-plex (MCYTMAG70KPX32) kit. When indicated, ELISA results were normalized to cell viability
in culture, using CountBright absolute counting beads, used according to the manufacturer’s instructions

RNA sequencing and data analysis

Purified alLC2s were cultured with or without rmTNFa for 24 hours as described above. Following culture, ILC2s were recovered in
RLT buffer and total RNA was extracted using the MicroRNeasy kit. For each sample, a total of 10ng of RNA was used to generate
cDNA (SMARTer Ultra Low Input RNA v3 kit, Clontech) for library preparation. Samples were then amplified and sequenced on a
NextSeq 500 system (lllumina) where on average 30 million reads were generated from each sample. Raw reads were then further
processed on Partek® Genomics Suite® software, version 7.0 Copyright ©; Partek Inc. Briefly, raw reads were aligned by STAR —
2.6.1d with mouse reference index mm10 and GENECODE M20 annotations. Aligned reads were further quantified and normalized
using the upper quartile method and differential analysis by GSA. QIAGEN Ingenuity Pathway Analysis (IPA) software was used for
pathway analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experiments were repeated at least three times (n = 4-8 each) and data are shown as the representative of > 2 independent
experiments. A Student’s t test for unpaired data was used for comparisons between each group using Prism Software (GraphPad
Software Inc.). The degree of significance was indicated as: *p < 0.05, **p < 0.01, ***p < 0.001.

DATA AND CODE AVAILABILITY

The accession number for the data generated by RNAseq reported in this paper is GEO: GSE133672.
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Figure S1. AM and ILC2 gating strategies, Related to Figure 1.
(A) Sort purity of CD45" SiglecF* CD11b-, CD11c* and F4/80" AM.

(B) Sort purity of SiglecF-CD11b* cells and levels of TNFa in culture supernatants
following 24 hours culture (10° cells/well) of FACS-sorted SiglecF-CD11b* cells from PBS

or rmlL-33-treated mice.

(C) TNFa staining control gated on CD45" cells.

(D) Gating strategy used for CD45" Lineage CD127* ST2" ILC2Zs from PBS-treated mice.

(E) Staining controls for lineage, ST2 and CD127 markers.
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(F) GATA-3 expression in CD127* ST2*, CD127* ST2  or CD127- ST2 cell populations.
(G) Gating strategy used for ST2" or ST2" ILC2s.

(H-1) BALB/cByJ mice were challenged intranasally on day 1-3 with PBS or 0.5ug rmiL-
33. Representative flow cytometry plots and corresponding quantitation presented as MFI
+/- SEM of TNFR2 expression in ST2- (H) and ST2+ (I) ILC2s on day 4.

(J-K) AnnexinV negative staining control for (J) murine and (K) human ILC2s.

Data are representative of 3 individual experiments with n=4-5. * p<0.05, ** p<0.01, ns=

non-significant.
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Figure S2. TNFa enhances ILC2-dependent AHR in WT mice, Related to Figure 2.
(A) BALB/cByJ mice received intravenous injections of 100pg aTNFa or isotype control
and 0.5ug rmlL-33 or PBS intranasally on days 1-3. On day 4, lung function, BAL and
lung ILC2s and histology were analyzed.

(B-C) lung resistance (B) and dynamic compliance (C) in response to increasing doses
of methacholine.

(D and F) Representative FACS plots of BAL eosinophils (D) and lung ILC2s (F).
Eosinophils were gated as CD45", SiglecF* CD11c” and ILC2s as lineage”, CD45" ST2*
CD127".

(E and G) Total number of eosinophils in the BAL (E) and of ILC2s in the lungs (G)
presented as mean numbers +/- SEM.

(H) Lung histology, scale bar 50um.

Data are representative of 3 individual experiments with n=4-5. * p<0.05, ** p<0.01.
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Figure S3. IL-5 and IL-13 secretion on a per cell basis in response to TNFa, Related
to Figures 3, 6 and 7.

(A) Effect of TNFR2 on the levels of IL-5 and IL-13 in culture supernatants normalized to
the number of viable ILC2s after culture.

(B) Effect of NIK inhibition on the levels of IL-5 and IL-13 in culture supernatants
normalized to the number of viable ILC2s after culture.

(C) Effect of TNFR2 on the levels of IL-5 and IL-13 in culture supernatants normalized to
the number of viable hILC2s after culture.

Data are representative of 3 individual experiments with n=5. * p<0.05, ** p<0.01, ns=

non-significant.
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Figure S4. TNFa enhances ILC2-dependant airway inflammation induced by A.
alternata, Related to Figures 2 and 4.

(A) Rag2’ mice received intravenous injections of 100ug a TNFR2 or isotype control and
0.5pg rmIL-33 or PBS intranasally on days 1-3. On day 4 lung BAL eosinophils were
measured by flow cytometry.

(B-C) Representative flow cytometry plots of BAL eosinophils in isotype control or
o TNFR2-treated mice (B) and corresponding quantitation presented as mean numbers
+/- SEM (C).



(D) Rag2”’- mice received intravenous injections of 100ug o TNFR2 or isotype control and
100ug A. alternata or PBS intranasally on days 1-4. On day 5, lung function, BAL
eosinophils and lung ILC2s were analyzed.

(E-F) Representative flow cytometry plots of lung ILC2s in isotype control or a TNFR2-
treated mice (E) and corresponding quantitation presented as mean numbers +/- SEM
(F).

(G-H) Representative flow cytometry plots of BAL eosinophils in isotype control or
aTNFR2-treated mice (G) and corresponding quantitation presented as mean numbers
+/- SEM (H).

(I-J) Representative flow cytometry plots of intracellular IL-5 (I) and IL-13 (J) expression
by lung ILC2s cultured 4h with PMA/ionomycin/golgi plug and corresponding quantitation
presented as mean frequency +/- SEM.

(K-L) Representative flow cytometry plots of intranuclear GATA-3 in lung ILC2s (K) and
corresponding quantitation presented as MFI +/- SEM (L).

Data are representative of 3 individual experiments with n=5. * p<0.05, ** p<0.01, ***
p<0.001.
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Figure S5. Effect of TNFR2 signaling on lung ILC2 markers, Related to Figure 4.
Rag2” mice received intravenous injections of 100ug o TNFR2 or isotype control and
0.5ug rmlIL-33 or PBS intranasally on days 1-3. On day 4 the expression of common |ILC2
markers was assessed by flow cytometry in the lungs.

Data are representative of 3 individual experiments with n=5. * p<0.05, ** p<0.01, ***
p<0.001, ns= non-significant.
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Figure S6. ILC2 numbers, survival and activation in TNFR2"- mice, Related to Figure
4.

(A-B) C57BL/6 WT or TNFR2” mice were challenged with 0.5ug rmIL-33 or PBS on days
1-3. On day 4, lungs and one femur were collected for ILC2 quantitation.

(A) Numbers of a4p7* lymphoid progenitors (a—LP), common lymphoid progenitors
(CLP), common helper-like ILC progenitors (ChILP), ILC2 precursors (ILC2P) and
immature ILC2s (ilLC2) in the BM. a—LP were gated as CD45" Lin- CD127" FIt3- a4p7",
CLP as CD45" Lin- CD127* FIt3* a4p7-, ChILP as CD45" Lin- CD127* FIt3- a4p7* CD25
, and ILC2P as CD45" Lin- CD127* FIt3- a4p7* CD25", all pregated on live cells. ilLC2s
were gated as CD45* Lin- CD127* FIt3- a4p7* ST2*.

(B) Numbers of pulmonary ILC2s. ILC2s were gated as CD45" Lineage CD127* ST2".
(C-F) C57BL/6 WT or TNFR2’ mice were challenged with 0.5ug rmIL-33 on days 1-3.
On day 4, lungs were collected for the analysis of ILC2 survival, proliferation and
effector functions.

(C) Frequency of IL-5 and IL-13-producing ILC2s presented as mean frequency +/-
SEM.



(D) Intranuclear GATA-3 expression in ILC2s presented as MFI +/- SEM.

(E) Frequency of intranuclear Ki67-expressing ILC2s presented as mean frequency +/-
SEM.

(F) Frequency of AnnexinV*DAPI* ILC2s presented as mean frequency +/- SEM.

Data are representative of 2 individual experiments with n=5. * p<0.05, ** p<0.01.
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