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Abstract

Interleukin-7 is a cytokine with well-established roles in lymphocyte development and
more recently, an expanded role in immune function. IL-7Rc is highly expressed by
innate lymphoid cells (ILCs), but how IL-7 directs the development or function of ILCs
is not well studied. Using mice with inducible deletion of IL-7Ra, we showed that loss of
IL-7 signaling led to impaired production of IL-5, IL-13 and amphiregulin in lung ST2*
group 2 innate lymphoid cells (ILC2s) following influenza/A infection. Conversely, mice
treated with IL-7 increased production of IL-5 and IL-13 by lung ILC2s. Moreover, we
showed that IL-7 enhanced GATA3 and CD25 expression in ILC2s and loss of IL-7 sig-
naling led to their reduced expression. Altogether, this study demonstrates that IL-7

regulates the function of ILC2s during airway viral infection and induces GATA3 and

CD25 expression.
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1 | INTRODUCTION

Group 2 innate lymphoid cells (ILC2s) are an important population of
immune cells discovered nearly a decade ago.»? They were found to
have an important role in mucosal immunity against helminths and
promoting tissue repair following influenza/A virus infection, but in
some contexts, lead to influenza/A induced airway hyper-reactivity and
asthma.3~> ILC2s share multiple similarities with type 2 helper T cells
in developmental lineage, transcriptional programming and cytokine
production properties.® However, ILCs lack antigen receptors and rely
on cytokines produced by mucosal tissues that act as alarmins to

become activated. The cytokine milieu that regulates ILC2s during an

Abbreviations: AREG, amphiregulin; BM, Bone marrow; IL-7, Interleukin-7; ILC2, Group 2
innate lymphoid cells; TFP, Tomato fluorescent protein; TSLP, Thymic stromal lymphopoietin;
WT, Wild type; yc, Common gamma chain receptor.

type 2 airway immune response, interleukin-7, influenza/A, innate lymphoid cells, amphiregulin,
GATAS3, ILC2 function, CD25, interleukin-5, interleukin-13

immune response varies between different mucosal tissues and is crit-
ical to direct optimal responses and tissue repair while limiting aller-
gic responses and tissue fibrosis. ILC2s respond to multiple cytokines
such as interleukin-33 (IL-33), thymic stromal lymphopoietin (TSLP)
and gamma-chain (yc) cytokines such as IL-2 and IL-7, either individ-
ually or synergistically to produce effector cytokines such as IL-5 and
IL-13.5

IL-7 is a hematopoietic cytokine mainly produced by thymic epithe-
lial cells of the cortex and medulla and stromal cells of the thymus
and bone marrow (BM) where it plays an important role in the devel-
opment of lymphoid cells including ILCs.278 In the previous decade
it has become apparent that IL-7 is important for the development
of ILC2s in various tissues including in the lungs.2 Using a reporter
mouse, we and others have shown that IL-7 is produced peripherally in

mucosal tissues including the lungs and is inducible in response to viral
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infection with influenza/A.? A recent study has also shown a role for IL-
7 in ILC2 function and cytokine production in the stomach in response
to bacterial infection.'® Furthermore, IL-7 and TSLP were shown to
enhance cytokine production in IL-33-activated ILC2s suggesting IL-7
and TSLP play a role as co-activators.> !t However, it is not clear if IL-7
is important for ILC2 function in the lungs. While both IL-7 and TSLP
signal through the IL-7Ra, IL-7 requires heterodimerization of IL-7Ra
with the yc receptor (CD132) and TSLP signals through a heterodimer
of the IL-7Ra with TSLP receptor (TSLPR) leading to the recruitment
of different JAK proteins.'2 Furthermore, IL-7 has a stronger binding
affinity to its corresponding receptor and leads to a stronger activation
of STAT5 compared to TSLP.2314 |L-7 and TSLP play multiple distinct
and overlapping roles in the biology of ILC2s but these distinctions are
not entirely clear.!3

GATAZ is a transcription factor known to play an important role in
ILC2s. It is required for the production of the type 2 cytokines IL-5 and
IL-13 in ILC2s.2° In addition to inducing cytokine expression during an
immune response, GATA3 is also important for the development of all
helper ILCs by supporting the generation of a common precursor.®¢
Both T cells and ILCs also rely on STATS5 for development, survival and
homeostasis as their populations are largely reduced in STAT5A- and
STAT5B- deficient mice.l” Interestingly, GATA3 expression is reduced
in intestinal ILC2s of STAT5A- and STAT5B- deficient mice.'” IL-2 and
TSLP are cytokines that regulate GATA3 expression and are known to
activate STAT5.15:18-20

In this study, we sought to determine if IL-7 is required for normal
ILC2 function and uncover the transcriptional network it is involved
in. We found that IL-7 is required for inducing a cytokine response in
lung ILC2s following influenza/A infection. We also found that IL-7 is
required for normal expression of GATA3 and CD25 in bone marrow
ST2* ILC2s. This suggests that the role of IL-7 in ILC2 development as
well as function is tied to regulation of GATA3 expression.

2 | METHODS

2.1 | Mice

Mice were housed and used in the Center for Disease Modelling
facility (CDM) and Modified Barrier Facility (MBF) at The University of
British Columbia (UBC) and all work with animals was carried out with
approval and in accordance with the guidelines of the UBC Animal
Care and Biosafety Committees. II-7ra*#?F mice were generated as
previously described.2! C57BL/6, lI-7ra™~ (B6.129S7-1I7rtmiimx/j),
Ubc-CreERT2  (B6.Cg-Ndor1Tg(UBC-cre/ERT2)1Eb /7 §) - ROSA26-tdTomato
(B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomatolHze /) and rqg1~/~ (B6.12957-
Rag1t™IMom/J) mice were obtained from the Jackson Laboratory (Bar
Harbour, ME, USA). Tslpr”~ mice were a gift from Dr. James lhle (St.
Jude children’s research hospital, Memphis Tennessee). [|-7¢GFPeGFP
mice were a gift from Dr. J. Mike McCune (UCSF, San Francisco, CA).22
Transgenic IL-7 mice were a gift from Dr. Philip Leder (Harvard Medical
School, Boston, MA).23 [I-7ra//fl mice were a gift from Dr. Alfred Singer

(National Cancer Institute, Bethesda, MD).24

In all cases, age-matched and sex-matched male and female mice
between the ages of 6-12 weeks were used.

2.2 | Virus

Influenza/A/PR/8/34 (PR8) was purchased from Charles River Lab-
oratories (Wilmington, MA). Mice were sub-lethally infected under
anesthesia (isoflurane) with 500 Hemagglutinin Units (HAU) of
influenza/A/PR8 intranasally in 12.5 ul of sterile PBS. In all cases, infec-

tion lasted 5 days before experimental endpoint.

2.3 | Tissue preparation

Lungs were excised and processed by mincing with scissors followed
by enzymatic digestion using 180 units/ml Collagenase IV and 20 ug/ml
DNase | (Worthington biochemical LS004188 and LS002139) in 5 ml
RPMlincubated at 37° C for 45 mins in ashaker incubator before filter-
ing through 70 um filters and lysing RBCs with ACK lysis buffer. Bone
marrow cells we extracted from single or both femurs by flushing with
10 ml cold PBS (+10% FBS, 2 mM EDTA) and treated with ACK lysis
buffer.

2.4 | Antibodies and Flow cytometry

All cell surface staining was done at 4°C in the dark. Antibodies to
ST2 [RMST2-2], IL-7Ra [ebioSB/199], CD25 [PC61], GATA3 [TWAJ],
Sca-1 [D7], CD122 [Tmb1], Ki67 [SolA15] and IL-13 [eBio13A] were
purchased from Thermo Fisher (Waltham, Massachussets). Antibod-
ies to ST2 [DJ8] was purchased from MD Biosciences (Oakdale, MN).
Antibodies to TCR-g [H57-597], TCR-y8 [UC-13D5], CD45[30] 711, IL-
7Ra [ebioSB/199], CD25 [PCé61], KLRG1 [MAFA] and IL-5 [TRFK5],
were purchased from BioLegend (San Diego, California). CD4 [RM4-
5], CD132 [TUGm2] and Bcl-2 [N46-467] were purchased from BD
Biosciences (Franklin Lakes, New Jersey). Antibodies to CD3¢ [2C11],
B220 [RA-6B2], NK1.1[PK136],CD11b[M1/70],CD11c [N418], Gr-1
[RB6-8C5] and Ter119 [Ter119] were purchased from AbLab (Vancou-
ver, British Columbia).

Viability staining [cat# L34957 and 65-0865-14] and Annexin V
binding protein (88-8103-72) (Thermo Fisher) were used according to
manufacturer’s instructions.

Lineage cocktail includes, CD3¢, CD4, TCR-3, TCR-y8, B220, NK1.1,
CD11b,CD11c, Gr-1and Ter119.

Samples were collected on either LSRIl (BD Biosciences) or the
Attune NxT (Thermo Fisher) and data were analyzed with FlowJo soft-

ware Tree Star (Ashland, Oregon).

2.5 | Exvivo ILC2 stimulation

To measure IL-5 and IL-13, 5 x 10° lung cells were re-stimulated
for 4 hours (at 37° C 5% CO,) with either 1% BSA RPMI media
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alone containing Brefeldin/A (BD Biosciences); 1% BSA RPMI media
containing 50 ng/ml PMA and 500 ng/ml lonomycin from Sigma-
Aldrich (St. Louis, Missouri) and Brefeldin/A or 40 ng/ml IL-33 from
R&D systems (Minneapolis, Minnesota) and Brefeldin/A. Intracellular
cytokine staining was done using the Cytofix/Cytoperm kit from BD
Biosciences.

To stimulate bone marrow ILC2s with cytokines, 5-10 million bone
marrow cells were stimulated for 13-16 hours (at 37° C 5% CO,) with
1% BSA RPMI, 50uM B-mercaptoethanol and 1% pen/strep containing
either 10 ng/ml recombinant murine IL-7 from Peprotech (Cranbury,
NJ) or IL-2 (Peprotech) in combination with anti-IL-2 mAb [S4B6]
(ThermoFisher, catalog no. 16-7020-85). Intracellular staining was
performed using the Fixation and Cell Permeabilization kit (Ther-

moFisher).

2.6 | pSTAT5 assay

To measure induction of pSTATS5, total dispersed lung cells were
starved in 1% BSA RPMI for 2 hours then stimulated with 20 ng/ml IL-
7 (Peprotech) for 30 mins then immediately fixed with 2% PFA for 15
mins to stop reaction. Cells were further fixed and permeabilized in ice
cold 90% methanol for 30 minutes in 4° C then stained with surface
and pSTATS5 antibodies for 20 mins in 4° C. Cells were analyzed on the
Attune NxT analyzer.

3 | RESULTS AND DISCUSSION

3.1 | Mice deficient in IL-7 signaling have reduced
lung ILC2s and abrogated effector responses to
influenza/A

Since the IL-7Ra is known to play an important role in ILC2 devel-
opment, we assessed the relative contribution of IL-7 and TSLP by
examining the number of ST2* ILC2s in the lungs of multiple IL-7 sig-
naling deficient mouse models.2 We compared wild type (WT) mice
to IL-7Ra mutant mice where the cytoplasmic chain of IL-7Ra has a
tyrosine residue required for STAT5 phosphorylation substituted to
phenylalanine (IL-7Ra*4%F).21 |n addition, we used IL-7Ra™/~ mice, IL-
7eGFPeGFP mice — which serve as IL-7 ligand knock-out mice due to
insertion of eGFP gene in the endogenous IL-7 locus - and TSLPR™/~
mice. ST2* lung ILC2s express other key ILC2 markers such as KLRG1,
Sca-1 and GATAS3 (Supp. Fig. 1A). Flow cytometric analysis of lung
cells revealed nearly a 10-fold reduction in ST2* ILC2s in all IL-7/IL-
7R signaling deficient mice while TSLPR™~ mice have a modest loss
(Fig. 1A and Supp. Fig. 1A, B). We sought to analyze lung ILC2s at 5
days post infection (5 dpi) with influenza/A (PR8) to assess the role
of IL-7 in ILC2 biology during inflammation. We elected to assess at
5 dpi due to the early nature of ILC2 responses and to enable assess-
ment of ILC2s prior to accumulation of T cells. The reduction in IL-
7Ra**?F and TSLPR™~ ILC2 numbers persists at 5 dpi (Supp. Fig. 1C).
Interestingly however, IL-7¢GFP2GFP and |L-7Ra*4?F mice have a defect
in generating IL-5 and IL-13 producing ILC2s while TSLPR~/~ mice are
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not affected (Fig. 1B and Supp. Fig. 1D). This defect in cytokine pro-
duction by lung ILC2s in influenza infected mice was demonstrated
with re-stimulation using phorbol 12-myristate 13-acetate/ ionomycin
(PMA/1) or IL-33. WT ILC2s expressing both IL-5 and IL-13 were
only re-activated with PMA/I re-stimulation (Fig. 1B), while IL-33
re-induced IL-5 alone in these cells. In addition, IL-7¢GFPeGFP | C2s
have reduced amphiregulin (AREG) production (Fig. 1C). One caveat
is the apparent equivalence in AREG induction by IL-33 relative to
media alone. This may reflect either Influenza-induced endogenous
IL-33 masking any further manifestation by exogenous IL-33 or that
the time course of stimulation is not optimal.* These findings indi-
cate that in addition to its role in the development of lung ILC2s, IL-
7 also plays a role in production of key cytokines and an epithelial
repair effector in ILC2s. Further experiments involving re-stimulation
of ILC2s with various cytokine cocktails at different concentrations
and durations would provide more insights into the role of IL-7 in
the context of the lung cytokine milieu before and after influenza

infection.

3.2 | IL-7 induces optimal cytokine response in
ILC2s independent of its role in development

Our experiments thus far have examined the role of IL-7 in ILC2 effec-
tor responses by using models with germline disruption of IL-7 sig-
naling. To determine if IL-7Ra is required by ILC2s to function prop-
erly while preserving normal development, we generated mice with
inducible IL-7Ra (CD127) deletion (i7RO).

First, we obtained mice that express Cre-ERT2 fusion recombinase
protein driven by the ubiquitin promoter (Ubc-CreERT2, Fig. 2A). We
bred them to mice that have loxP sites flanking exon 3 of the IL-7Ra
genes (II-7raf”f) which were then crossed to mice with a flox-stop-flox
sequence upstream of the tdTomato fluorescent protein (TFP) driven
by ROSA 26 promoter. The i7RO mice were treated with tamoxifen
(as described in Fig. 2B) which binds ERT2, allowing Cre recombinase
to enter the nucleus and delete the floxed II-7ra exon and the stop
codon upstream of TFP. Therefore, cells that have experienced dele-
tion of IL-7Ra also express TFP. In addition to successfully deleting IL-
7Ra and expressing TFP, our tamoxifen treatment schedule results in
a proportion of cells without Cre activity (TFP-) that can serve as an
internal control (Fig. 2C, D). We show that tamoxifen treatment results
in IL-7Ra expression profile similar to that of IL-7Ra™/~ mice in TFP+
cells albeit in CD8 T cells (Supp. Fig. 2A). Following influenza/A infec-
tion, TFP+ ILC2s have less IL-5% IL-13" cells compared to TFP- ILC2s
(Fig. 2E). This indicates that ILC2s that have developed in an IL-7 suffi-
cient environment still require IL-7 for optimal cytokine production. Of
note, the profile of the IL-5 and IL-13 producing cells in the i7RO mice is
varied compared to WT and other IL-7 signaling deficient mice. This is
possibly due to housing of i7RO mice in a separate animal facility with
lower microbial exclusion criteria that could have a dampening effect.
To further define the effector function of IL-7, we treated rag1™~ mice
with IL-7 intraperitoneally for 4 days after influenza/A infection and

assessed ILC2 cytokine production (Fig. 2F). IL-7 treatment resulted
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FIGURE 1

Lung ILC2s are diminished and dysfunctional in IL-7 signaling deficient mice. (A) Scatter plots and representative bar charts of

total ST2* ILC2s in the lungs of wild type (WT), IL-7Ra**F | IL-7Ra /", IL-7¢CGFP/eGFP and TSLPR~/~ mice at steady-state. Data are representative of
two independent experiments, n = 3-6. (B) Frequency plots and representative bar charts of cytokine producing cells in ST2*+ ILC2s in the lungs of
WT and IL-7¢CGFP/eGFP mice 5 days post infection (5 dpi) with influenza in resting state and after PMA/I or IL-33 re-stimulation. (C) Histogram plots
and representative bar charts of the median fluorescence intensity (MFI) of amphiregulin (AREG) in ST2* ILC2s in the lungs of WT and

||__7eGFP/eGFP

mice 5 dpi with influenza in resting state and after PMA/I or IL-33 re-stimulation. Data are representative of two independent

experiments, n = 4-5.*P < 0.05, ***P < 0.001 ****P < 0.0001 and ns = not significant by one-way and two-way ANOVA with Tukey’s post-test. Data
points represent individual mice and error bars indicate the mean + SEM

in both increase of total number of lung ILC2s and percent of IL-5%
IL-13* ILC2s (Fig. 2G, H). We note that there is no difference in per-
cent of IL-5 single positive cells in ILC2s. Previous research has shown
that IL-5% IL-13* ILC2s play a unique role in pathology during viral lung
infection.?®> Altogether, these results indicate that IL-7 is sufficient for
inducing cytokine production by ILC2s. In addition, our use of rag1~~
mice demonstrates that IL-7 can induce cytokine production in ILC2s

without T cells and B cells as intermediates.

3.3 | IL-7 induces GATA3 expression in lung and
BM ILC2s

GATAZ is a transcription factor important for the development of all
ILCs and for cytokine production in ILC2s.1>16 Considering IL-7 is an
activator of STAT5 and pSTAT5 binds the promoter regions of GATAS,
we asked if IL-7 induces GATA3 expression.”*> To determine this, we
examined GATA3 expression in lung ILC2s of WT and |L-7eGFP/eGFP
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FIGURE 2 Cytokine production by ILC2s is reduced in acute IL-7 signaling deficient mice. (A) Strategy for crossing mice to create inducible
II-7ra knock-out (i7RO) mice. Ubc, ubiquitin; ERT2; estrogen receptor. (B) Schematic illustrating tamoxifen treatment schedule. (C) and (D) IL-7R«
expression in i7RO mice presented as scatter plots (C) and histogram and graph representing IL-7Ra expression in paired samples. (E) Frequency of
IL-5% IL-137 cells in tomato florescent protein (TFP) - and TFP+ ILC2s of i7RO mice presented as flow cytometry plots and graph. Data are
representative of 2 experiments, n = 4-5. (F) Schematic illustrating IL-7 treatment in rag1 ™~ mice. (G) Total number of lung ST2* ILC2s and (H)
frequency of IL-5% IL-13" and IL-5% IL-13* cells in ILC2s of rag1™”~ mice treated with IL-7 intraperitoneally. Data is pooled from two independent
experiments, n=5.*P < 0.05, **P < 0.01 and ****P < 0.0001 as determined by paired and unpaired two-tailed Student’s t-test. Data points

represent individual mice and error bars indicate the mean + SEM

mice in the course of influenza infection. We recapitulated earlier find-

ings where ILC2 numbers are reduced in |L-7eGFP/eGFP

mice at steady-
state and after infection (5 dpi) while in WT mice, there is a marked
increase in number of ILC2s following infection (Fig. 3A). GATA3 was
slightly but not significantly reduced in IL-7¢CGFP/eGFP jyng |LC2s at
steady-state. At 5 dpi, lung ILC2s of both genotypes experienced signif-
icant downregulation of GATA3, as has been shown previously.2¢ How-
ever, |L-7¢GFPGFP || C2s have further reduced GATA3 expression com-

pared to WT mice at 5 dpi (Fig. 3B). This suggests that IL-7 contributes

to maintaining the cytokine production properties of lung ILC2s during
influenza infection possibly by stabilizing GATA3 expression.

STATS5 is required for the expression of GATA3 in intestinal ILC2s.1”
We assessed the activation of STAT5 in WT and IL-7Ra*4%F lung ILC2s
at steady-state. We show that pulsing whole, dispersed lung cells in
vitro with IL-7 for 30 minutes induces pSTAT5 in WT but not in IL-
7Ra**9F lung ILC2s (Fig. 3C). Consistent with T cells,?! this demon-
strates the importance of the Y449 residue of the IL-7Ra for the acti-
vation of STAT5 in ILC2s and possibly, the induction of GATAS.
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FIGURE 3 IL-7 in GATA3 induction and STAT5
activation in lung ILC2s. (A) Bar graph of total lung
ILC2s in WT and IL-7¢GFP/eGFP mjce at steady-state
and 5 dpi with influenza. Representative data from
two independent experiments. (B) Histogram and
bar graph of GATA3 expression in lung ILC2s of WT
and IL-7¢CGFPeGFP mjce at steady-state and 5 dpi with
influenza. Data representative of two independent
experiments, n = 4-6. (C) STAT5 activation following
treatment with IL-7 for 30 minutes in steady-state
lung ILC2s of WT and IL-7Ra**?F mice. Data
representative of two experiments, n = 3-4.

*P <0.05, **P < 0.01 and ns = not significant, as
determined by ANOVA with Tukey’s post-test and
paired two-tailed Student’s t-test. Data points
represent individual mice and error bars indicate the
mean + SEM

FIGURE 4 GATA3 expressionin BMILC2s
requires IL-7. (A) Bar graph of total bone marrow
(BM) ILC2s in a single femur of WT and IL-7
eGFP/GFP mice. Representative data from two
independent experiments. (B) Histogram and bar
graph of GATA3 expression in BM ILC2s of WT and
IL-7 eGFP/eGFP mjce. (C) Bar graph of total bone
marrow (BM) ILC2s in a single femur of WT and
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GATAZ3 is also known to be important for the development of all
ILCs and maturation of ILC2s. We examined PLZF expressing ILC pre-
cursors (ILCPs) in the bone marrow (BM) and found reduced num-
bers of and GATA3 expression in ILCPs of IL-7Ra**?F mice compared
to WT mice (Supp. Fig. 2B, C). We also investigated the expression
of GATA3 in BM ST2* ILC2s of adult WT, IL-7Ra**?F, TSLPR™~ and
|L-7eGFP/eGFP mice. We found that IL-7Ra**%F and IL-7eGFP/eGFP mijce
have reduced number of ST2* ILC2s and GATAS3 expression while
TSLPR™~ ILC2s present with normal GATA3 expression (Fig. 4A-D).

Tukey’s post-test and paired two-tailed Student’s
t-test. Data points represent individual mice and
error bars indicate the mean + SEM

To confirm that IL-7 alone is capable of inducing GATAS3 in ILC2s,

we used ex vivo stimulation of IL-7¢GFPeGFP BM [LC2s with IL-7. We
found that acute (~15 hrs) treatment with IL-7 induces high GATA3
expressionin ILC2s (Fig. 4E). Furthermore, using i7RO mice, we demon-
strated that acute deletion of IL-7Ra led to reduced GATA3 expres-
sion in ILC2s (Fig. 4F-H). Taken together, our results show that IL-7
is important for normal expression of GATAS3 in ILC2s and acute gain
or loss of function of this cytokine largely alters the expression of
GATAS.
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FIGURE 5 CD25 expressioninILC2sis
regulated by IL-7. (A) Histogram and bar graph
of CD25 expression in BM ILC2s of WT,
IL-7Ra**%F and TSLPR ™/~ mice. (B) CD25
expression in TFP- and TFP+ BM ILC2s
presented as histograms and bar charts. Data
representative of two independent
experiments. (C) CD25 expression in WT BM
ILC2s with and without in vitro IL-7 treatment
(~15 hrs) as paired samples represented in
histogram and bar charts. Representative of
three independent experiments. (D) CD25
expression in WT and Tg-IL-7 mice presented
as histograms and bar charts. Representative
data from two independent experiments,

n = 3-6. (E) Flow cytometry plot illustrating
frequency of IL-7Ra+ ST2+ ILC2s. (F) Flow
cytometry plot showing CD132 and CD25
expression in BM ILC2s. (G) CD132 and (H)
CD122 expression in WT and IL-7Ra*4%F ILC2s
presented as histograms and bar charts.
Representative data from two independent
experiments. **P < 0.01, ***P < 0.001,

****P < 0.0001 and ns = not significant, as
determined by ANOVA with Tukey’s post-test
and paired and unpaired two-tailed Student’s
t-test. Data points represent individual mice
and error bars indicate the mean + SEM
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3.4 | IL-7 signaling regulates the high affinity IL-2
receptor « chain (CD25)

Since IL-7Ra**?F disruption abrogates STAT5 activation, the impaired
GATAZ3 induction in IL-7 signaling deficient ILC2s suggests that IL-
7 may regulate it via STAT5.27 This prompted us to ask if IL-7 also
regulates expression of the high affinity IL-2Ra (CD25) since STAT5
and GATAS3 can induce CD25 in T cell subsets.28-30 As predicted, IL-
7Ra*%F and |L-7eCFP/eGFP || C2s have reduced CD25 expression com-
pared to WT mice while TSLPR™~ mice are unaffected (Fig. 5A and
Supp. Fig. 2D). By using i7RO mice, we also determined that, despite
developing in an IL-7 signaling sufficient environment, acute loss of IL-
7Ra in ILC2s resulted in reduced CD25 expression (Fig. 5B). We also
measured CD25 expression in WT BM ILC2s treated ex vivo with IL-

7. We found that CD25 expression was enhanced in paired samples

treated with IL-7 showing that IL-7 induced CD25 expression (Fig. 5C).
Furthermore, we examined transgenic IL-7 (TglL-7) mice that over-
express IL-7 systemically including in the BM and we showed that TglL-
7 BM ILC2s had higher surface CD25 expression compared to WT mice
(Fig. 5D). To determine if reduction in CD25 expression affects GATA3
expression, we treated |L-7¢GFPeGFP BM |LC2s with IL-2 in combina-
tion with the anti-IL-2 mAb (S4B6). S4B6 has been documented to
bind IL-2 non-competitively and facilitate binding of IL-2 to the § chain
(CD122) and y chain (CD132) thus compensating for loss of the a chain
(CD25).31 With this technique we demonstrated that rescuing IL-2 did
not result in induction of GATAS3 (Supp. Fig. 2E). Further assessment
of downstream signaling in addition to STAT5 phosphorylation will be
necessary to determine how IL-7 controls CD25 expression and loss of
function models are required to determine if IL-2 signaling plays a role
in GATAS3 expression.
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FIGURE 6 IL-7 receptor mutant mice
have normal Bcl-2 expression, survival and

IL-7R449F proliferation. (A) Bcl-2 expression in BM ILC2s
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We sought to measure the expression of the 8 and y chain recep-
tors to determine the extent to which IL-7 influences signaling compo-
nents of IL-2 and other y-chain cytokines and therefore we compared
BM IL-7Ra* ST2* ILC2s of WT and IL-7Ra**?F mice (Fig. 5E). Interest-
ingly, IL-7Ra**9F ILC2s that express reduced CD25 also have reduced
CD132 expression suggesting IL-7 controls signal transduction of IL-2
and possibly also other y-chain cytokines (Fig. 5F and G). However, we

449F and

observed no difference in CD122 expression between IL-7Ra
WT ST2% ILC2s (Fig. 5H). The reduction in CD132 expression suggests

that IL-7 controls the sensitivity of ILC2s to other y chain cytokines.

3.5 | Impaired IL-7R« signaling does not affect
ILC2 survival and proliferation in the BM

The importance of IL-7 in survival of lymphocytes prompted us to ask if
the reduced number of ILC2s observed in the BM was due to reduced
survival. We found that the expression of the anti-apoptotic factor Bcl-
2 was similar in WT and IL-7Ra*4%F steady-state BM ST2* ILC2s sug-
gesting that IL-7 does not control Bcl-2 expression (Fig. 6A). Alterna-
tively, Bcl-2 expression in ILC2s may not depend on the Tyr 449 motif.
To definitively measure cell death, we used Annexin V staining and
found that WT and IL-7Ra*%F ILC2s were composed of similar propor-
tions of dead and early apoptotic cells (Fig. 6B). We also measured Ki67
expression to assess proliferation and found no difference between
WT and IL-7 eGFP/eGFP BM |LC2s (Fig. 6C). Taken together, this suggests
that IL-7Ra signaling does not control survival or proliferation of BM
ILC2s. Our observation is in agreement with an earlier report that com-
plete deletion of the IL-7Ra does not affect Bcl-2 expression in small
intestinal ILC2s. They also found that IL-15 can compensate and sup-
port their survival.32 How loss of IL-7 impacts the survival of ILC2s in

other tissues and if other cytokines can also compensate for the sur-

of WT and IL-7Ra**?F mice presented as
histograms and bar charts. Grey filled
histogram represents isotype control. (B)
Annexin V and viability staining of WT and
IL-7Ra**?F mice. Amcyan (dead cell) hi and
Annexin V hi staining represent dead cells and

OWT 0O IL-7Ro*F

Amcyan (dead cell) low/ Annexin V hi
represent early apoptotic cells. Data are
representative of two independent
experiments, n = 3-4. Grey filled histogram
represents isotype control. (C) Ki67 expression
in BM ILC2s in WT and IL-7¢CFP/eGFP mjce
presented as histograms and bar charts. Grey
filled histogram represents FMO. ns = not
significant, as determined by two-tailed
Student’s t-test. Data points represent
individual mice and error bars indicate the
mean + SEM
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=
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vival of ILC2s is unclear. Our finding that loss of IL-7Ra signaling affects
the expression of the common y-chain receptor - which is required for
IL-15 signaling - indicates that non-y chain cytokines in the BM may
also be required to compensate for IL-7.

In summary, we have shown that IL-7 plays an integral role in
inducing cytokine production by lung ST2* ILC2s following influenza/A
infection. ILC2s are known to play an important function in repair-
ing damaged tissue following influenza/A infection and when exac-
erbated, this process could lead to airway hyper-responsiveness and
allergic inflammation.>* Further analysis is necessary to understand
whether ILC2 stimulation by IL-7 supports tissue repair versus hyper-
responsivity. Considering multiple mucosal alarmins are involved in the
activation and function of ILC2s in the lungs, IL-7 may act as a co-
stimulator of ST2*+ ILC2s working synergistically with 1L-33.>1! The
extent of the effect of IL-7, and whether it can independently activate
and stimulate ILC2s in vivo needs further investigation. We have also
shown that loss of IL-7 signaling abrogates GATA3 expression in a BM
population of ILC2s. This suggests that IL-7 regulation of GATA3 may
be important for development of ILC2s as well as function.®1> In addi-
tion, we demonstrated that CD25 isregulated by IL-7 indicating that IL-
7 may regulate ILC2 function and development by controlling cytokine
signals. IL-2 has indeed previously been shown to enhance IL-5 and IL-
13 production in ILC2s.33 While IL-7 is known to be important for lym-
phocyte survival, it seems to have a non-essential role in Bcl-2 expres-
sionin BM ILC2s and their survival. Further research is required to map
the network that IL-7 regulates and understand how IL-7 controls ILC2

development and function and where GATA3 lies in that network.
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