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Capsulesummary:
TNF receptor Il is expressed on ILC2s and TNF ige &b induce production of type 2 cytokines
in human ILC2s. TNF may play a role in causing mpéfying type 2 immunity contributing to

health and disease.
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To the Editor:

It is well recognized that group 2 innate lymphoglls (ILC2s) play a key role in both
innate immunity to protect from parasitic pathogand pathological processes for many type 2
inflammatory diseases including asthma and chroriicosinusitis with nasal polyps
(CRSWNP)" ? ILC2-mediated inflammation is mainly triggered wize production of type 2
cytokines including IL-5 and IL-13. Although theitiqelial derived cytokines IL-25, I1L-33 and
thymic stromal lymphopoietin (TSLP) are well appa¢ed to contribute to ILC2-mediated
production of type 2 cytokines, recent studies tbiuhat members of the TNF superfamily
(TNFSF), including TNFSF11 (receptor activator of-RB ligand [RANK-L]), TNFSF15
(TNF-like cytokine 1A [TL1A] and TNFSF18 (glucocabid-induced TNFR-related protein
ligand [GITR-L]) are also able to induce IL-5 ant-13 in ILC2s by activation of their
respective receptors: TNF receptor superfamily {IMFRSF11A [RANK]), TNFRSF25 (death
receptor 3 [DR3]) and TNFRSF18 (GITR).Nonetheless, whether TNF itself (also known as
TNFa) is able to activate ILC2s and whether TNF recept@NFRSF1A (TNF receptor |
[TNFRI]) and TNFRSF1B (TNFRII), are expressed oi€Hs has not been investigated. Many
TNFRSFs, including RANK, GITR and DR3, share the-®#- signaling pathway via the
activation of TNF receptor associated factor famigmbers, and TNFRII has similar signaling
pathways to therhThe aim of this study was to examine whether TNF&Réxpressed on ILC2s
and whether TNF induces production of type 2 cytekiin ILC2s.

We first measured mRNA for TNFRII in human ILC2seWorted human ILC2s from
peripheral blood from healthy subjects and fromahg®lyps (NPs - a type 2 inflammatory
manifestation) collected from CRSwWNP patients dyrginus surgery. We also used human

peripheral blood monocytes and the Jurkat cell disgositive and negative controls of TNFRII,
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respectively. Real-time RT-gPCR was performed usifijdgMan method and detailed methods
are given in this article’s Online Repository. Wauiid that TNFRII mRNA was similarly
expressed on both blood and NP ILC2s at about 1#%e level on monocytes and was
significantly higher than the Jurkat cell line (FIA). We then determined cell surface
expression of TNFRII on ILC2s by flow cytometry. tibg strategies identifying human ILC2s
are shown in Supplemental Figure E1. We found ThdERI1l was expressed on ILC2s from both
blood and NPs and levels were significantly highan Jurkat cells (Fig 1B and C).

We next cultured human ILC2s sorted from blood BiRdtissue in RPMI-1640 medium
supplemented with 25 IU/mL IL-2 and 10% FBS andestigated the effect of TNF. We found
that TNF time- and dose-dependently induced praolietf IL-5 and IL-13, though IL-5 protein
was only detected at 96 hour after stimulation uimhn blood ILC2s (Fig 2A and E2A). We
previously found that ILC2s are activated in NBuisin vivo and therefore ILC2s sorted from
NP tissue release IL-5 and IL-13 without additiostimulation® We found that TNF further
enhanced this spontaneous production of IL-5 ar@idlin NP ILC2s (Fig 2B). Since TSLP acts
in synergy with common ILC2 activators including-33, we examined whether TSLP
synergistically acts with TNF on blood ILC2s. Weufn that TSLP significantly and
synergistically enhanced TNF-mediated productiotyp& 2 cytokines in blood ILC2s (Fig 2C
and E2). To further examine the role of NB-in the TNF-mediated production of type 2
cytokines, we stimulated blood ILC2s with TNF an&LP, and examined the effect of
glucocorticoid (dexamethasone, an inhibitor of #fexB pathway) and IMD-0354 (an inhibitor
of 1kB kinaseB that blocks NF«B nuclear translocation) on IL-5 and IL-13 prodooti We
found that dexamethasone and |1 IMD-0354, but not dimethyl sulfoxide (DMSO, vekec

control) completely suppressed TNF-mediated praodocbf IL-5 and IL-13 and partially
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induced cell death in blood ILC2s (Fig 2D and E®Je also found that 1M IMD-0354
partially suppressed cytokine production withouhamcement of cell death in ILC2s (Fig E3B
and not shown). These results suggest that<BIHs one of the key transcription factors
controlling TNF-mediated induction of type 2 cyto&s in human ILC2s. We further found that
a STATG6 inhibitor significantly suppressed TNF-negdd production of IL-5 and IL-13 (Fig
E4). Since TNF does not directly activate STAT& #utocrine/paracrine loop of IL-13 may
influence TNF-mediated production of type 2 cyt@snn ILC2s.

While TNF induced production of both IL-5 and IL-If8human blood ILC2s, it induced
15-fold greater quantities of IL-13 than IL-5 (R2€). In contrast, IL-33 induced IL-5 and IL-13
equally in ILC2s (Fig 2E). We also found that thembination of TNF and IL-33 showed
additive and/or synergistic effects on the producif type 2 cytokines in human blood ILC2s
(Fig 2E). These results suggest that there arerdiit signaling pathways mediating TNF- and
IL-33-induced activation of ILC2s. To test for @ifences between TNF- and IL-33-mediated
signaling, we investigated the effects of knownibitbrs for IL-33-mediated ILC2 activation
(Fig E5f and found that dexamethasone, TEGFHN-B, IFN-y and IL-27 but not IL-10
significantly suppressed TNF plus TSLP-mediateddpation of IL-13 in blood ILC2s (Fig 2D
and 2F). These results suggest that signaling pgthvthat can be suppressed by IL-10
(potentially via STAT3) are present in 1L-33-medidtbut not in TNF-mediated pathways and
that this 1L-33-specific pathway may be key to sigmg strong induction of IL-5 in ILC2s.
Future studies are required to characterize TNRIa338 specific signaling pathways in ILC2s.

During helminth infection, epithelial cells reled&e25 and IL-33 and then induce ILC2-
mediated production of IL-13 to clear invading wstmHelminth infection also induces

production of pro-inflammatory cytokines, includifi¢lF, in immune cells such as macrophages
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and structural cells such as epithelial cells,inreate pattern recognition receptors such as toll-
like receptors. These findings suggest that TNF, together witteothnate cytokines including
IL-33, may play a role in the protection from hetthi infection by the activation of ILC2s. In
the case of human diseases, TNF is known to beatelévin type 2 inflammatory diseases
including asthma, however, treatment with TNF bkrsk did not show clear efficacy in
asthmaticg. Asthma is a heterogeneous disease that is chezactdy numerous inflammatory
endotypes (e.g. eosinophilic or neutrophilic forth#)is possible that distinct ILC2 activators
drive disease in patients with eosinophilic astharad further clinical study using endotype
analysis based on type 2 markers and ILC2 actisatil be required to examine the role of the
TNF-ILC2 cascade in asthma. In addition, elevatbdid SLP in type 2 inflammatory diseases is
expected to produce a synergistic response via diFIL-1 family molecules, including TNF
and IL-33. Inhibition of TSLP may have greater Héne type 2 inflammatory diseases than
targeting individual ILC2 activators including TN&nd 1L-33. In conclusion, TNF is able to
induce and greatly enhance production of type 2lkiges in ILC2s and it may play a role in

causing or amplifying type 2 immunity contributitmhealth and disease.
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FigureLegends

Figure 1. TNFRII isexpressed on human ILC2s.

Total RNA was extracted from blood monocytes (nbfypd ILC2s (n=5), NP ILC2s (n=5) and
Jurkat cells (n=4). Expression of TNFRII mRNA wasalyzed by real-time RT-qPC&sing a
TagMan RNA-to-G 1-Step Kit A). Gene expression was normalized to a housekegping,3-
actin, and expression levels were show\@s$. Representative histograms of flow cytometric
plots for cell surface expression of TNFRIl on IlsCare shown. Levels of cell surface
expression of TNFRII on ILC2s from blood from hégltsubjects (n=8) and NPs (n=6yrkat
cells (n=5) and blood monocytes (n=9) are showngégmetric mean fluorescence intensity
(gMFI) (B). Comparisons of gMFI ratio of TNFRII to isotypg32a are shown i€. Results are
shown as mean with SEM. *p< 0.05 and **p< 0.0ty Mann-Whitney testy andC) and the

Ratio paired t tesB).

Figure 2. TNF induces production of IL-5and IL-13in human ILC2s

Sorted ILC2s from blood of healthy subjects C-F) and NPs B) were suspended in RPMI-
1640 medium supplemented with 25 1U/ml IL-2, 10%S7B00 U/ml penicillin, and 10ag/ml
streptomycin and were stimulated with 5-100 ng/MFTA. n=9) or 20 ng/ml TNFR. n=7) for

4 days. Blood ILC2s were stimulated with 20 ng/mMF 10 ng/ml TSLP, 10 ng/ml IL-33 or
their combination for 4 day<C( n=14,E. n=5). Blood ILC2s were cultured with 20 ng/ml TNF
and 10 ng/ml TSLP in the presence or absence df%®.DMSO (vehicle control), 100 nM

dexamethasone (Dex), 10 uM IMD-0354 (an inhibitérlldK 3 that blocks NF«B nuclear

translocation), 10 ng/ml 1L-10, 20 ng/ml TGH, 1000 IU/ml IFNB, 10 ng/ml IFNy or 50
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ng/ml 1L-27 for 4 days . n=6, F. n=8). Each experiment was performed in duplicate with
independent donors. The concentrations of IL-5 &hRti3 were measured by Luminex assay.
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 werealculated by the Ratio paired t teB) (

and the one-way ANOVA Friedman test, C-F).
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METHODS
Patients and tissue collection

All patients with chronic rhinosinusitis with nagadlyps (CRSwWNP) were recruited from
the Otolaryngology clinic and the Northwestern Sir@enter of Northwestern Medicine. All
CRS patients met the criteria for CRSWNP as defimgthe International Consensus Statement
on Allergy and Rhinology: Rhinosinusifis. Patients with an established immunodeficiency,
pregnancy, coagulation disorder or diagnosis ofneghilic granulomatosis with polyangiitis
(eGPA or Churg-Strauss syndrome) or cystic fioresse excluded from the study. All patients
signed informed consent and the study was apprdyethe Institutional Review Board of
Northwestern University Feinberg School of MediciiieB Project Number: STU0O0080917).
Human peripheral blood leuko paks (STEMCELL Tecbgas, Vancouver, British Columbia,

Canada) were obtained from healthy subjects fdatiwm of blood ILC2s and monocytes.

Cell isolation and cell sorting

Human blood leukocytes were isolated from a humanpperal blood leuko pak
(STEMCELL Technologies) by centrifugation at 50@og 10 minutes with an equal volume of
Dulbecco’s phosphate buffered saline (dPBS) with %l bovine serum (FBS) at room
temperature. After aspiration of the supernataed, blood cells were lysed by ammonium
chloride solution (STEMCELL Technologies) and suyagant was removed after centrifugation
at 300 g for 5 minutes. To remove platelets, cekse resuspended in dPBS + 2% FBS and

centrifuged at 200 g for 10 minutes at room tenipeea
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Blood ILC2s were enriched from human blood leukesyby EasySep™ Human ILC2
Enrichment Cocktail kit (STEMCELL Technologies) aoding to the manufacturer’s
instructions. After enrichment, cells were blocksdFc Block reagent (Miltenyi Biotec, Auburn,
CA) and then incubated with FITC anti-Lineage Cadk(CD3, CD14, CD16, CD19, CD20,
CD56), FITC anti-FeRla, FITC anti-CD11c, FITC anti-CD303, BUV395 aftb4, PE anti-
CD5, Brilliant Violet 421 anti-CD45, Alexa Fluor 84anti-CRTH2, PE/Cy7 anti-CD127 and
APC/Cy7 anti-CD161. All antibodies were purchaseahf Biolegend (San Diego, CA), BD
Biosciences (San Jose, CA) or R&D systems (MinnkspgdN) and are listed in Table E1. We
then sorted blood ILC2s as CD45+, Lin (CD3, CD1C&14, CD16, CD19, CD20, CD56,
CD303, FeRla)-, CD4-, CD5-, CD127+, CRTH2+, CD161+ cellstwda BD FACSAria SORP
cell sorter (BD Biosciences, San Jose, CA) at tobar H Lurie Comprehensive Cancer Center
at Northwestern University. The purity of blood I2€was greater than 98% (not shown). We
also isolated monocytes from human blood leukoclgtepositive selection using human CD14
MicroBeads (Miltenyi Biotec) according to the maactlurer’s instructions. The purity of blood
monocytes was between 90-96% (not shown). The tlgekhline (Clone E6-1) was obtained

from ATCC (Manassas, VA).

Cells were isolated from NP tissues using a preshjodescribed methdd: * Briefly,
tissue samples were weighed, washed, fragmentethandncubated with media containing 30
pg/ml DNase | and 1 mg/ml type | collagenase °& dvernight. Following this, tissues were
minced using a gentleMACS dissociator (Miltenyi &i0) and the cells were filtered through 70
pm nylon mesh (BD Biosciences). Cells were theaté@ with red blood cell lysis solution
(Miltenyi Biotec) and washed with dPBS before camgtand staining for flow cytometric

analysis or cell sorting.
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We sorted NP ILC2s as previously describé@riefly, after the isolation of cells from
whole NP tissue, cells were first treated with Aqiead cell staining reagent (Invitrogen,
Carlsbad, CA) at room temperature in the dark. rAftashing, cells were blocked by Fc Block
reagent and then incubated with FITC anti-humareage Cocktail, FITC anti-CD11c, FITC
anti-CD303, PE/Cy7 anti-ERla, BUV395 anti-CD4, PE/Dazzle 594 anti-CD5, AldXaor 700
anti-CD45, Alexa Fluor 647 anti-CRTH2, BV421 antbf27 and APC/Cy7 anti-CD161, PE
anti-CD117 at 2C in the dark. We sorted NP ILC2s (Aqua-, CD45+ (€D3, CD11c, CD14,
CD16, CD19, CD20, CD56, CD303)-, CD4-, CD5-¢gRta-, CD127+, CRTH2+ and CD161+
cells) with a BD FACSAria SORP cell sorter. Theipuof blood and NP ILC2s was greater

than 98% (not shown).

Flow cytometric analysis

Cells were first treated with Aqua LIVE/DEAD fixabldead cell staining reagent as a
live/dead discriminator. Cells were then incubateth an Fc Block reagent for 10 minutes at
4°C in the dark. Cells were stained with FITC antidan Lineage Cocktail, FITC anti-CD11c,
FITC anti-CD303, FITC anti-FeRRla, APC/Cy7 anti-CD3, PE/Cy7 anti-CD4, PerCP/Cyani-
CD45, PE/Dazzle 594 anti-CRTH2, BV421 anti-CD12Texa Fluor 700 anti-CD161 and APC
anti-TNFRII or isotype mouse IgG2a control for 3thates at 4C in the dark and washed with
MACS buffer (Miltenyi Biotech). After washing, cellwere fixed with a BD Cytofix/Cytoperm
Kit (BD Biosciences), resuspended in MACS buffed atored at %C in the dark before analysis
on a CytoFLEX flow cytometer (Beckman Coulter, buatpolis, IN). All analysis was
performed with FlowJo software, version 10.4 (TtaeSAshland, OR), and the experimental

method was established and verified with the propemgle-stained control beads (BD
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Biosciences and eBiosciences) and fluorescencesnona (FMO) negative controls (data not

shown).

For apoptosis study, cultured blood ILC2s weret&@avith Aqua LIVE/DEAD fixable
dead cell staining reagent for 15 minutes at ro@mpierature in the dark. Cells were
resuspended in Annexin V binding buffer (eBiosccenCarlsbad, CA) and were stained with
PerCP-eFluor 710 Annexin V (eBiosccience) and Alekar 700 anti-CD45 (BioLegend) for
15 minutes at room temperature in the dark. Aftashing, cells were suspended in Annexin V

binding buffer and were analyzed by a CytoFLEX floytometer within 3 hours of staining.

Quantitative polymer ase chain reaction (QPCR)

Total RNAs were isolated from Jurkat cells, bloodnocytes, blood ILC2s and NP
ILC2s using PicoPure™ RNA Isolation Kit (Arcturuslountain View, CA) according to the
manufacturer’s instructions. The quality and comegion of total RNA was assessed with a
2100 Bioanalyzer (Agilent Technologies, Santa Cl&A) using a RNA 6000 Pico LabChip
(Agilent Technologies). Real-time RT-gPCR was pemnied with a TagMan RNA-to-C1-Step
Kit (Applied Biosystems, Foster City, CA) using de@OnePlus Real-Time PCR System
(Applied Biosystems) in 2l reactions (1Ql 2x TagMan RT-PCR Mix, 0.hl 40x TagMan RT
Enzyme Mix, 1ul 20x primer and probe mixture for TNFRIT{FRSF1B, Hs.PT.58.40638488,
Integrated DNA Technologies, 1A), il 20x primer and probe mixture fdgi-actin ACTB,
Forward primer: CTGGCCGGGACCTGACT, Reverse prim&CAGCCGTGGCCATCTC,
VIC-MGB TagMan probe: CACCACCACGGCCGA) plus 2 ng mital RNA). The mRNA

expression levels were normalized to a housekeapng, ACTB.



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

Ogasawara N S6

Cell culture and measurement of protein

Sorted blood and NP ILC2s (10,000 cells/ml) werspsmded in RPMI-1640 medium
supplemented with 25 1U/ml IL-2 (Prometheus, Saadoi CA), 10% FBS, 100 U/ml penicillin,
and 100ug/ml streptomycin. Cells were stimulated with 5-1'ml TNF (R&D systems), 10
ng/ml TSLP (R&D systems) and 10 ng/ml IL-33 (Biolesgl) in the presence or absence of
0.001% DMSO (Sigma-Aldrich, St. Louis, MO), 100 rdéxamethasone (Sigma-Aldrich), 1-10
MM IMD-0354 (Selleckchem, Houston, TX), 100 nM ASY399 (Selleckchem), 10 ng/ml IL-
10 (R&D systems), 20 ng/ml TGFE (R&D systems), 1000 U/ml IFI§ia (R&D systems), 10
ng/ml IFN+y (R&D systems) or 50 ng/ml IL-27 (R&D systems) #bdays. Each experiment was

performed in duplicate with independent donors.

The concentration of IL-5 and IL-13 in cell-freepgunatants was measured by Luminex
multiplex assay (MILLIPLEX MAP Human Cytokine/Chekine Panel from EMD Millipore,

Burlington, MA). The minimal detection limits fokd5 and IL-13 are 3.2 pg/ml.

Statistics

All data were reported as the mean + SEM. Normakists were performed with the
Shapiro-Wilk normality test (2 groups) and the BmeRorsythe test (multiple groups).
Comparisons of 2 groups were performed using ttieRaired t test or the Wilcoxon matched-
pairs signed rank test. Multiple groups were coragarsing the one-way ANOVA Friedman test

followed by a Dunn’s post-test. A p value of leisart 0.05 was considered significant.
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Supplemental Table E1. Antibodiesin flow cytometry
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Antibody Format Clone Final Vendor
specificity concentration
CD3 APC/Cy7 HIT3a 1.25 pg/ml Biolegend
CD4 PE/Cy7 RPA-T4 2.5 pg/mi Biolegend
CD4 BUV395 RPA-T4 1:20 BD
Biosciences
CD5 PE UCHT2 1 pg/mi Biolegend
CD5 PE/Dazzle 594 [ UCHT2 1.25 pg/ml Biolegend
CDl1l1c FITC Bulb 4 pug/mi Biolegend
CD45 Alexa Fluor 700 | HI30 5 ug/ml Biolegend
CD45 PerCP/Cy5.5 HI30 1.25 pg/ml Biolegend
CD45 BV421 HI30 0.625 pg/ml | Biolegend
CD117 PE 104D2 5 ug/ml Biolegend
CD127 Bv421 A019D5 1-2.5 pg/ml Biolegend
CD127 PE/Cy7 A019D5 2 ug/ml Biolegend
CD161 APC/Cy7 HP-3G10 5 pg/mi Biolegend
CD161 Alexa Fluor 700 | HP-3G10 5 pg/ml Biolegend
CD294 (CRTH2) PE/Dazzle 594 | BM16 7.5 pg/mi Biolegend
CD294 (CRTH2) Alexa Fluor 647 | BM16 5 pg/mi Biolegend
CD303 FITC 201A 4 pg/ml Biolegend
Lineage Cocktail FITC UCHT1, 1:20 Biolegend
(CD3ICDLHCD16/C HCDL4, 38
D19/CD20/CD56) HCDSé ’
FceRla FITC AER-37 2 ug/ml Biolegend
(CRAL1)
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FceRla PE/Cy7 AER-37 1 pg/ml Biolegend
(CRA1)

TNFRII (CD120b) APC 22235 4 ug/ml R&D systems

Mouse IgG2a APC 20102 4 ug/ml R&D systems

132
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FigureLegends

Supplemental Figure E1. Gating strategy to identify human ILC2s.

Representative flow cytometric plots for ILC2s umian peripheral blood mononuclear cef3 (
and NP tissueBR). We gated on single (not shown), live (not showm45-positive cells and
excluded granulocytes (side scatter high). We thesessed ILC2s in the lineage-negative
population (CD3, CD4, CD1llc, CD14, CD16, CD19, CPZD56, FeRla and CD303

negative) as CD127, CRTH2, and CD161 triple-positells.

Supplemental Figure E2. TSLP synergistically enhances TNF-mediated production of IL-5

and IL-13in human ILC2s.

Blood ILC2s were stimulated with 20 ng/ml TNF iretpresence or absence of 10 ng/ml TSLP
for 24 and 96 hoursA( n=3). *p<0.05 was determined between medium obifitmdetectable,
not shown) and stimulation and was calculated ley\ihicoxon matched-pairs signed rank test.
Blood ILC2s were stimulated with 5-100 ng/ml TNF timee presence or absence of 10 ng/ml
TSLP for 4 daysHK. n=9). The concentrations of IL-5 and IL-13 were measurgd_uminex
assay. **p<0.01, ***p<0.001 and ****p<0.0001 wereetérmined between with and without

TSLP and were calculated by the Wilcoxon matchedsgagned rank test.

Supplemental Figure E3. Dexamethasone and | M D0354 partially enhance cell death of
human blood 1L C2s.
Blood ILC2s were cultured with 20 ng/ml TNF andrdig/ml TSLP in the presence or absence of

0.01% DMSO (vehicle control), 100 nM dexamethas@ex), 10 uM IMD-0354 (IMD), 1 uM
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IMD (B) or 100 nM AS1517499 (AS) for 4 dayA.(n=3,B. n=4). Annexin V+ Aqua+ dead
cells were detected within the CD45+ populatiorflow cytometry. The concentrations of IL-13
were measured by Luminex assay. *p<0.05 and ***p@Q. were determined by comparison
with medium control or between indicated conditiansl were calculated by the paired t tégt (

and the one-way ANOVA Friedman teBj)(NS, not significant.

Supplemental Figure E4. A STATG6 inhibitor suppresses TNF plus T SL P-induced

production of type 2 cytokinesin human IL C2s.

Blood ILC2s were stimulated with 20 ng/ml TNF ar@idig/ml TSLP in the presence or absence
of 0.01% DMSO or 100 nM STATG6 inhibitor AS151749& #4 days (n=3). Each experiment
was performed in triplicate with independent dondise concentrations of IL-13 were measured

by Luminex assay. *p<0.05 was calculated by thewag ANOVA Friedman test.

Supplemental Figure E5. IFNsand IL-27 inhibit I L-33-mediated production of IL-5 and
IL-13in human ILC2s.

Blood ILC2s were cultured with 10 ng/ml IL-33 an@ dg/ml TSLP in the presence or absence
of 1000 U/ml IFN, 10 ng/ml IFNy or 50 ng/ml IL-27 for 4 days (n=4ach experiment was
performed in duplicate with independent donors. Mdee previously shown that 10 ng/ml IL-10
and 20 ng/ml TGR1 significantly suppressed IL-33 + TSLP-mediateddoiction of IL-5 and
IL-13 in human blood ILC25* The concentrations of IL-5 and IL-13 were measubsd
Luminex assay. *p<0.05 was determined between anthwithout inhibitor and were calculated

by the one-way ANOVA Friedman test.



