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Th2 cell-derived IL-4/IL-13 promote ILC2 accumulation
in the lung by ILC2-intrinsic STAT6 signaling in mice
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Infection of mice with the gastrointestinal helminth Nippostrongylus brasiliensis elicits
profound local proliferation and accumulation of type 2 innate lymphoid cells (ILC2s)
in the lung. The regulation of ILC2 proliferation and accumulation in the lung is poorly
understood. Using T cell-specific IL-4/IL-13-deficient mice, we demonstrate that IL-4/IL-
13 secretion from Th2 cells promotes proliferation and expansion of the ILC2 population
in the lung of N. brasiliensis-infected mice. Competitive mixed BM chimeras containing
normal and STAT6-deficient ILC2s further indicated that ILC2s have to respond directly
to IL-4/IL-13 for this effect while STAT®6 is not required for IL-13 production in ILC2s. In
addition, expression of a constitutively active form of STAT6 in ILC2s was sufficient to
promote their proliferation in uninfected mice. The expression of MHC class II in ILC2s
appeared to be enhanced by STAT6 signaling supporting the concept that Th2 cells and
ILC2s can communicate in an antigen-dependent manner resulting in a Th2-regulated
accumulation of ILC2s in the lung during an acute type 2 immune response. Based on our
observations, targeting the STAT6 pathway in ILC2s could help to develop new treatments
to dampen ILC2 proliferation in the lung and thereby ameliorate ILC2-mediated allergic
inflammation.
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Additional supporting information may be found online in the Supporting Information section
at the end of the article.

smooth-muscle cells [1]. IL-4 and IL-13 both bind to the shared
type II IL-4 receptor, which is a heterodimer consisting of IL-4

Introduction

The cytokines IL-4 and IL-13 expressed by a variety of differ-
ent cell types, including type 2 T helper (Th2) cells, follicular T
helper (Tgy) cells, basophils, mast cells, and innate lymphoid cells
type 2 (ILC2), are critical to mediate most of the immunological
aspects at the onset and effector phase of type 2 immunity. Type 2
immune responses are associated with eosinophilia, the accumu-
lation of Th2 cells, basophils, and ILC2s in tissues, elevated serum
IgE levels, hyperplasia of goblets cells, polarization of alternative
activated macrophages (AAM), and activation of epithelial and
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receptor o (IL-4Ra) and IL-13 receptor a 1 (IL-13Ral). In addi-
tion, IL-4 can bind to the type I IL-4 receptor made up of the
IL-4Ra and the common gamma chain (yc). Both receptors can
activate the Jak/STAT signaling cascade [2-4]. The STAT6 plays
an important role in the immune system leading to the transcrip-
tion of genes in different cell types and thereby promotes Th2
differentiation, Ig class switching to IgE, secretion of chemokines
like CCL17 (TARC), CCL11 (eotaxin 1), and CCL24 (eotaxin 2),
differentiation of AAMs, GC formation, and antigen presentation
by B cells [5, 6].

Gastrointestinal helminth infection represents one of the most
widespread chronic human parasitoses and several mouse models
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serve as well-established tools to study helminth-induced type 2
immune responses and cytokine regulation [7, 8]. Mice infected
with the rodent nematode Nippostrongylus brasiliensis (Nb) have
revealed that the protective anti-helminth immunity is largely
dependent on IL-4/IL-13-induced STAT6 activation [9, 10]. Using
T cell-specific IL-4/IL-13-deficient mice (4-13Tko), we previously
showed that IL-4/IL-13 produced by cells of the innate immune
system is required for effective type 2 immune responses against
Nb [11]. Transfer experiments of in vitro expanded ILC2s into Nb-
infected IL-4/IL-13-deficient mice revealed that ILC2s, which are
potent producers of IL-13, can efficiently promote worm expul-
sion during primary Nb infection [12]. Although T cell-derived
IL-4/1L-13 is dispensable, it is well established that T cells are still
required for efficient worm clearance under physiological con-
ditions [12-15]. Numerous studies showed that ILC2s and Th2
cells collaborate during type 2 immune responses to establish pro-
tective immunity, either in a direct cell-cell contact-dependent
manner via interaction of costimulatory molecules or through
cytokines [16]. Others have reported that T cells promote ILC2
proliferation and IL-13 production in an MHC class II-dependent
manner [17]. Interestingly, it has been described that ILC2s in
Nb-infected STAT6-deficient mice show reduced cytokine produc-
tion [18]. However, the role of STAT6 in ILC2s with regard to
their proliferation, homeostasis, and effector function is still an
open question.

Here, we show that Nb-infected T cell-specific IL-4/IL-13-
deficient mice exhibit decreased ILC2 numbers in the lung com-
pared to WT mice indicating that T cell-derived IL-4 or IL-13
promotes ILC2 accumulation in the lung. Analysis of mixed BM
chimeras composed of WT and IL-4/IL-13-unresponsive STAT6-
deficient ILC2s revealed a requirement of STAT6 in ILC2s for pro-
liferation and accumulation in the lung but not in the lymph nodes.
Interestingly, ILC2-intrinsic STAT6 was dispensable for IL-13 pro-
duction by ILC2s. Furthermore, we observed that MHCII expres-
sion on ILC2s is reduced in the absence of STAT6 supporting the
concept that ILC2s can act back on T cells in a positive feedback
loop promoting the Th2 response as previously reported [17, 19].

Results

T cell-derived IL-4/IL-13 promote expansion of ILC2s
after Nippostrongylus brasiliensis infection

We thought to dissect the relative contribution of Th2 cell-derived
cytokines on ILC2 proliferation and expansion in vivo since pre-
vious studies have shown that ILC2s and Th2 cells can function-
ally interact in a reciprocal manner [17, 20, 21]. Therefore, we
compared mice lacking IL-4/IL-13 only in T cells (4-13Tko), with
complete I1.-4/1L-13-deficient mice (4-13ko) and WT mice. ILC2s
were identified by flow cytometry based on their expression of
the IL-33 receptor (T1/ST2), ICOS, KLRG1, CD90, IL-7Ra, and
GATAS3 (Supporting Information Fig. 1A and B). We observed no
differences in the frequency and total cell number of ILC2s in the
lung and the draining mesenteric lymph nodes (mLNs) of these
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three groups of mice at steady state (Fig. 1A). To induce type 2
inflammation in the lung, mice were infected s.c. with Nb larvae,
which migrate through the lung within the first few days of infec-
tion and translocate to the intestine by day 3, where they develop
into mature adults and produce eggs, which are expelled in the
feces [22]. When mice were analyzed on days 5, 7, and 9 after
infection, we observed that the frequency and total cell number of
ILC2s steadily increased in the lung of infected WT mice and this
response was significantly reduced in 4-13Tko and 4-13ko mice
(Fig. 1B). In contrast to the lung, the percentages of ILC2s in the
mLN were similar in Nb-infected WT and 4-13Tko mice and only
slightly reduced in the complete IL-4/IL-13-deficient mice (Sup-
porting Information Fig. 1C). To address whether the reduced
number of ILC2s in 4-13Tko and 4-13ko mice is due to decreased
ILC2 proliferation in the lung, we injected ethynyl deoxyuridine
(EdU), a thymidine nucleoside analogue, into the mice 6 h before
the analysis. Indeed, the percentage of EAU" ILC2s was signifi-
cantly reduced in 4-13Tko and 4-13ko mice in comparison to WT
mice at day 5 after Nb infection, indicating that actively prolif-
erating EAU™ ILC2s were directly or indirectly dependent on T
cell-derived IL-4/IL-13 in the early phase of Nb infection (Fig. 1C
and D). Furthermore, the proliferation rate went back to low levels
by day 9 after infection and no differences were observed between
all three strains of mice at these time points (Fig. 1C).

KLRG1hish gT2- “inflammatory” ILC2s (ilLC2s) have been
shown to expand in response to IL-25 and also transiently appear
in low numbers in the lung after Nb infection [23]. Although we
found no iILC2s in the lungs of uninfected mice, their frequency
and total number increased on day 5 after Nb infection and this
effect was promoted by T cell-derived IL-4/1L-13 (Fig. 1E). EAU
incorporation analysis further revealed that the proliferation rate
of ilLC2s was about sevenfold higher as compared to ST2* ILC2s in
all three strains of mice but the significant difference between WT,
4-13Tko, and 4-13ko mice was also observed in this population
(Fig. 1E).

These findings indicate that IL-4 or IL-13 from T cells con-
tributes to proliferation of ILC2s in the lung, which leads to ILC2
accumulation during Nb infection.

ILC2-instrinsic STAT6 signaling is important for ILC2
accumulation in the lung

Since ILC2s express the receptor subunits IL-4Ra and IL-13Ral,
they can respond to IL-4 and IL-13 directly [24-26]. We there-
fore decided to analyze whether ILC2 accumulation in the
lung is dependent on direct IL-4/IL-13-induced STAT6 activa-
tion in ILC2s. For that reason, we generated mixed bone mor-
row chimeras (MBMCs) in which equal numbers of BM cells from
congenic WT (Ly5.1F Thy1.2+) and STAT6~/~ (Ly5.2+ Thyl.2%)
mice were transplanted into lethally irradiated WT mice (Thy1.1%)
(Fig. 2A). This setting allowed us to study WT ILC2s and STAT6-
deficient ILC2s in the same cellular environment, and any defects
in proliferation or effector function of the STAT6-deficient ILC2s
would therefore indicate a cell-intrinsic requirement for STAT6
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Figure 1. T-cell derived IL-4/IL-13-regulated expansion of ILC2s after Nippostrongylus brasiliensis infection. (A) ILC2s of indicated tissues from naive
WT (black), 4-13Tko (gray), and 4-13ko (dark gray) mice were analyzed by flow cytometry. Graphs show percentages and total numbers of Lin~
ST2" ICOS*™ KLRG1*t ILC2s (Supporting Information Fig. S1). Lin™ cells include CD3e* CD4* CD8e* CD11b* CD11c" FceR1" B220" Grl* Terl19*
NK1.1*t Nkp46* cells. Bars show the mean + SD of three individual mice per group and are representative of two independent experiments. (B)
Frequency (left panel) and total numbers (right panel) of lung ILC2s from WT (black), 4-13Tko (gray), and 4-13ko (dark gray) mice were analyzed
at day 5, 7, and 9 after Nb infection. Bars show the mean + SEM from three to six individual mice per group and are representative of three
independent experiments. (C) ILC2 proliferation was measured via flow cytometric analysis of EQU incorporation. WT (black), 4-13Tko (gray), and
4-13ko (dark gray) mice were treated with EdU (i.v.) 6 h before analysis. The percentage of proliferating EQU" ILC2s was analyzed at indicated
time points of infection. Bars show mean + SEM from three individual mice per group and are representative of three independent experiments.
(D) Representative flow cytometry dot plots of EAU staining of LIN~ CD90* ST2* ICOS* ILC2s in the lung of WT, 4-13Tko, and 4-13ko mice at
day 5 after Nb infection. (E) Frequency (left panel), total numbers (middle panel) and proliferation of lung inflammatory iILC2s from WT (black),
4-13Tko (gray), and 4-13ko (dark gray) mice were analyzed at steady-state and day 5 after Nb infection. Bars show the mean + SD from three
to four individual mice per group and are representative of two independent experiments except day 0 where data of one experiment is shown.
*p < 0.05; *p < 0.01, unpaired two-tailed Student’s t-test.
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signaling. During analysis of these MBMCs, we used B cells as a ref-
erence population and observed equal frequencies of B220" B cells
from both donor populations in different tissues (Supporting Infor-
mation Fig. 2A and B). However, within the ILC2 compartment,
we observed that IL-4/IL-13-unresponsive STAT6-deficient ILC2s
have a competitive disadvantage compared to WT ILC2s in the
lung of Nb-infected mice (Fig. 2B and C). This intrinsic effect was
predominantly observed at a later time point of infection (Fig. 2C).
Interestingly, we found no difference in the percentage and total
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unpaired two-tailed Student’s t-test.

cell count of STAT6-deficient and WT ILC2s in the mLNs of Nb-
infected mice excluding a systemic competitive disadvantage of
STAT6-deficient ILC2s (Fig. 2B and D). The STAT6-independent
ILC2 proliferation in mLNs indicates that ILC2 proliferation in lym-
phoid tissues might be regulated by other factors that remain to
be identified.

The MBMCs further revealed that iILC2s from STAT6-deficient
donors were significantly reduced at day 7 after Nb infection and
this effect was most likely due to decreased proliferation (Fig. 2E

wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1421-1432

A Lung

WT STAT6ko .

%)
n 1 10° N 12

o S
NRLE 10 T 10
3 2 8

m 1 10° S
g S e

0 11.0 4.27
> o] o & 4
G050 108 10t 100 10° 0 100 10t 10° 2 2
EdU A647 0
B mLN D

WT STAT6ko 40

10% 10% 4

A 10* =

= S
a 10% 10% S 20

o~ S
0 o] 25.8 ¥ 277 20

— L

4050 100 10t 100 4050 100 10t 100 IS
EdUA647 0

and F). Our competitive setting indicates that IL-4/IL-13 signaling
via STAT®6 is important for ilLC2 proliferation and perhaps migra-
tion into the lung because it has been described that iILC2s are
circulating cells that originate from ILC2s residing in the gut [27].
We also found significantly more WT ILC2s in the colon but not the
lamina propria of the small intestine in the MBMCs (Supporting
Information Fig. 2C).

To further investigate whether expression of a constitutively
active version of STAT6 (STAT6vt) within ILC2s would promote
their proliferation in the lung of uninfected mice, we generated
competitive MBMCs in which irradiated Ly5.2" recipient mice
were reconstituted with 50% BM from WT (Ly5.1%) and 50% BM
from R26CERT2_STAT6vt mice (Ly5.1/Ly5.27) where STAT6vt
can be inducibly expressed by tamoxifen injection (Fig. 2G). After
tamoxifen administration, the percentage and total cell count of
donor ILC2s expressing STAT6vt were increased compared to WT
ILC2s in the lung while MBMCs exposed to oil (solvent control)
showed equal distribution of both donor ILC2 populations (Fig. 21
and H).

We conclude from these experiments that lung ILC2s respond
directly to IL-4/IL-13 and STAT6-regulated genes in ILC2s pro-
mote their accumulation in the lung during helminth infection.

STAT6-dependent ILC2 proliferation in the lung

To dissect the role of ILC2-intrinsic STAT6 on ILC2 proliferation,
the MBMC:s (see Fig. 2A) were injected intraperitoneally with EAU.
Analysis of MBMCs before Nb infection (d0) revealed a relatively
high baseline ILC2 proliferation rate in the lung (Fig. 3B) when
compared to normal mice (Fig. 1C) suggesting that irradiation-
induced effects may enhance ILC2 proliferation in steady-state sit-
uation independently of STAT6 signaling. However, we observed
a significant reduction in the percentage of EQU™ STAT6-deficient
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Figure 3. STAT6-dependent ILC2 proliferation in
. . the lung. (A) Displayed are representative dot
proliferation plots of proliferating donor-derived EQU* WT
— T (Ly5.1%) ILC2s and STAT6~/~ (Ly5.2+) ILG2s (LIN~
== STAT6ko ST2* ICOS* KLRG1* Thy1.1-) in the lung and (B)
mLN of MBMCs (see Fig. 2A) infected with Nb
(day 9). (C) The percentage of EAUT WT (black)
and STAT6/~ (gray) ILC2s (Thyl.1") was ana-
lyzed at indicated time points of infection in the
lung and (D) mLN of MBMCs (see Fig. 2A). Bars
show the mean + SEM of four individual mice
per group and are representative of two indepen-
dent experiments. *p < 0.05, unpaired two-tailed

do d9 Student’s t-test.

ILC2s (Ly5.17) compared to WT ILC2s (Ly5.1") at day 9 after Nb
infection. Noteworthy, this effect was only restricted to cells in
the lung (Fig. 3A and C). In the mLNs, we observed a similar level
of proliferation of both donor ILC2 populations (Fig. 3B and D).
The difference between lung and mLN might be due to different
micromilieus in these tissues with yet to be identified factors that
promote ILC2 proliferation in the mLN in a STAT6-independent
manner.

All ILCs differentiate from Id2-expressing common helper-like
ILC progenitor (CHILP) in the BM [28]. To further exclude that
STAT6 plays an important role during ILC2 development in the
BM, we analyzed the frequency of Lin~ FLT3~ CD25~ CD127+
a4B7" CHILPs in the MBMC mice (Supporting Information Fig.
3A). We found no difference in the percentages of CHILPs between
WT (Ly5.1") and STAT6-deficient (Ly5.2%) cells at steady state
and at day 7 after Nb infection (Supporting Information Fig. 3B),
indicating that ILC2 development is not dependent on STAT6.

Overall, the competitive MBMC setting revealed that ILC2-
intrinsic STAT6 regulates ILC2 proliferation during helminth infec-
tion in the lung but not mLNs and also has no impact on ILC2
precursor populations in the BM.

STAT6 promotes expression of chemotactic receptors
on ILC2s

Besides the effect of STAT6 on ILC2 proliferation, we further deter-
mined the role of STAT6 for expression of chemotactic recep-
tors. We focused on the chemokine receptors CCR4 and CCRS,
which have been shown to be expressed in Th2 cells in a STAT6-
dependent manner [29]. In addition, we analyzed expression of
the prostaglandin D2 receptor CRTH2 that promotes ILC2 accu-
mulation in the lung of Nb-infected mice and chemotaxis of human
ILC2s [30, 31]. We isolated ILC2s from the lungs of Nb-infected
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Figure 4. STAT6-dependent expression of chemotactic receptors.
Quantitative RT-PCR analysis of ex vivo expanded WT (black) and
STAT6~/~ (gray) ILC2s for expression of indicated chemotactic recep-
tors. Bars show the mean + SEM of two independent experiments with
triplicates from ILC2 cultures generated from five to ten pooled sam-
ples of each strain. *p < 0.01, **p < 0.001, unpaired two-tailed Student’s
t-test

WT and STAT6~/~ mice, expanded them in vitro for 7 days with
medium containing IL-2, IL-7, IL-25, and IL-33, and determined
expression of CCR4, CCR8, and CRTH2 by quantitative RT-PCR.
CCR8 and CRTH2 were expressed at a significantly higher level
in WT as compared to STAT6~/~ ILC2s (Fig. 4). This suggests
that STAT6 may also regulate migration of ILC2s to the lung dur-
ing inflammatory conditions, although the relative contribution of
such an effect remains to be demonstrated in future experiments.

STATS6 is not required for the production and
secretion of Th2 cytokines by ILC2

We further investigated whether STAT6 is required in ILC2s for
production of IL-5 and IL-13 as it was implicated by comparing
ILC2 cytokine production in WT and STAT6~~ mice [18]. There-
fore, we measured the concentration of IL-5 and IL-13 in the super-
natants of in vitro expanded ILC2s sorted ex vivo from lungs of
Nb-infected WT and STAT6~/~ mice and observed comparable
cytokine levels in both cultures (Fig. 5A).

In addition, quantitative RT-PCR analysis of ex vivo-isolated
ILC2s confirmed that IL-5 and IL-13 production is independent
of STAT6, while we also excluded the possibility that sorted Lin—
ST2* CD90™" ILC2s from lungs of Nb-infected mice would be con-
taminated with IFN-y producing ILC1s and IL-17 producing ILC3s
(Fig. 5B). Although it has been described that ILC2s transcribe
and produce small amounts of IL-4 [32, 33], we were not able to
detect any IL-4 by ELISA or RT-PCR (Fig. 5B and data not shown).
To verify that STAT6 is not crucial for cytokine production by
ILC2s in vivo, we infected WT/STAT6~/~ MBMCs (see Fig. 2A)
with Nb and measured IL-13 production after brief re-stimulation
with PMA and ionomycin. Intracellular staining of IL-13 in WT and
STAT6-deficient ILC2s showed that the expression level (MFI) and
the percentage of IL-13 was elevated during helminth infection,
however, lack of STAT6 in donor ILC2s had no impact on cytokine
expression and production in lung and mLN (Fig. 5C and D).

This indicates that, unlike in conventional Th2 cells, STAT6
does not regulate type 2 cytokine production in ILC2s during
steady-state conditions and after helminth infection.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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STAT6-dependent MHC class II expression on ILC2s
in the lung

Several studies demonstrated that ILC2s can regulate Th2 func-
tion and augment IL-13 production under certain conditions via
cytokine secretion or in a MHC class II- or PD-L1-dependent man-
ner [17, 34, 35]. Since we could show that cytokine production
by ILC2s was independent of STAT6, we thought to investigate
whether ILC2-intrinsic STAT6 is involved in a positive feedback
loop by upregulating PD-L1 or MHC class II to control adaptive
Th2 cell function, which then leads to accumulation of ILC2s.
However, the expression of PD-L1 was equal in WT and STAT6-
deficient donor ILC2s of Nb-infected MBMCs (Fig. 6A), indicating
that STAT6 does not upregulate PD-L1 on lung ILC2s to interact
with PD-1 expressing T cells (Fig. 6A and B). Several cell surface
molecules like MHC class II are known to be upregulated on lym-
phocytes in response to IL-4 [36]. Since others have reported that
MHC class II-expressing ILC2s interact with antigen-specific T cells
during protective immunity to helminth infection [17], we decided
to investigate whether IL-4/IL-13 directly regulate MHC class II
expression on ILC2s. Therefore, we analyzed ex vivo expanded
lung ILC2s from WT and STAT6-deficient Nb-infected mice and
observed that MHC class II was downregulated in STAT6-deficient
ILC2s as compared to WT ILC2s (Fig. 6C). Additionally, we exam-
ined the MHC class II expression on ILC2s of the WT/STAT6~/~
MBMCs in vivo at steady-state conditions and after Nb infection.
This competitive setting revealed that the MFI of MHCII and the
percentage of MHCII* ILC2s lacking STAT6 (Ly5.2%) were signif-
icantly reduced compared to IL-4/IL13-responsive ILC2s (Ly5.17)
at day 9 after Nb infection (Fig. 6D and E). In uninfected lungs of
MBMC mice, we observed no differences of MHC class II expres-
sion on ILC2s (Fig. 6D). These data indicate that MHC class II
expression by ILC2s was induced by IL-4/IL-13/STAT®6 signaling
during type 2 inflammation.

Discussion

In this study, we found a new mechanism by which Th2 cells
interact with ILC2s and regulate their proliferation in the lung in
a STAT6-dependent manner during protective immunity against
helminth infection. ILC2s expand early during Nb infection in both
the lung and in the draining mLNs in concert with early Th2 cell
differentiation. However, the mechanisms that lead to accumula-
tion of ILC2s in tissues are not completely understood. Recruit-
ment of effector cells to the lung during type 2 immune responses
is largely driven by IL-4- or IL-13-mediated mechanisms. We have
previously shown that IL-4/IL-13 from T cells promotes recruit-
ment of innate immune cells including eosinophils and basophils
into the lung after Nb infection [11]. Recent reports showed that
IL-4 secreted from basophils has a pivotal role to induce ILC2 pro-
liferation in lung and skin inflammation models, indicating that
ILC2s have the potential to respond to IL-4 [25, 26]. ILC2 prolif-
eration in a papain-induced model of allergic lung inflammation
has further been shown to be promoted by T cell-derived IL-2
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Figure 5. STATS6 is not required for the production and secretion of Th2 cytokines by ILC2. (A) The supernatants from ex vivo expanded WT (black)
and STAT6~/~ (gray) ILC2s were analyzed on days 2 and 7 after cultivation with IL-2, IL-7, IL-25, IL-33 for indicated cytokines by ELISA. Bars show
the mean + SEM of three individual mice per group and are representative of two independent experiments. (B) Quantitative RT-PCR analysis of
ex vivo expanded WT (black) and STAT6~/~ (gray) ILC2s for expression of indicated cytokines. Bars show the mean + SEM of two experiments
performed in triplicates. (C) MBMCs (see Fig. 2A) were infected with Nb and cytokine production was measured after 4 h restimulation with
phorbol-12-myristate-13-acetate (PMA) and ionomycin. Representative histograms show intracellular IL-13 staining in donor LIN~ ST2* ICOS*
KLRG1* Thyl.1~ ILG2 in the lung (top panel) and mLN (bottom panel) of MBMC at day 7 after helminth infection (WT: black; STAT6~~: dark
gray; unstimulated control: gray). (D) Percentage (left panels) and the MFI (right panels) of IL-13 among donor ILC2 in the lung (top panel), mLNs
(bottom panel) of MBMC (see Fig. 2A). Bars show the mean + SEM of three individual mice per group and are representative of two independent

experiments.

and autocrine IL-9 signaling [37]. Although ILC2s are present in
Ragl~/~ mice, it is described that CD4" T cells are required for
the maintenance of ILC2-induced immunity to Nb [17, 21, 37].
Here, we show that T cell-derived IL-4/IL-13 directly promote
ILC2 responses by inducing proliferation of ILC2s, which leads to
their accumulation in the lung. This is consistent with the role of
IL-4 in supporting proliferation of other lymphoid cell types such
as T cells or B cells [36, 38]. Future experiments will have to
further decipher, whether T cell-derived IL-13 or IL-4 is the poten-
tial cytokine directly activating ILC2s. So far, in a papain-induced
lung inflammation model, ILC2s showed lower expression of the
IL-13 receptor, which suggests that ILC2s more likely respond to
IL-4 [25].

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Competitive mixed BM chimeras composed of WT and IL-4/IL-
13-unresponsive STAT6-deficient ILC2 further revealed a require-
ment of STAT6 in ILC2s for the IL-4/IL-13-dependent proliferation
and local accumulation in the lung. No difference was observed in
peripheral lymph nodes arguing against a systemic effect of STAT6
in ILC2s. Indeed, expression of a constitutively active version of
STAT6 (STAT6vt) in ILC2s was sufficient for ILC2 expansion in
uninfected lung. These data are consistent with an earlier study
where STAT6 controls ILC2 proliferation after airway challenges
with the fungal allergen Alternaria, although it remained unclear
whether STAT6 was required within ILC2s [39]. Previous studies
have documented that the T cell-derived cytokine IL-2 is impor-
tant to promote ILC2 proliferation and IL-13 production, and
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subsequent upregulation of CD25 (IL-2R) expression [17, 21, 40].
In Th2 cells, CD25 is regulated via STAT6 [41], however,
real-time PCR analysis revealed equal CD25 expression level in
STAT6-deficient ILC2s and WT ILC2s (data not shown), suggest-
ing that IL-2 is not the major driver for ILC2 proliferation in the
lung.

In addition, it was previously reported that ILC2s from Nb-
infected STAT6~/~ mice produce less IL-13 as compared to WT
mice [18]. In contrast, we could prove that in vitro and in vivo
ILC2 production of Th2 cytokines occurred independent of STAT6.
The results indicate that indirect effects from STAT6 in other cell
types in vivo may be contributing to regulation of IL-13 expression
in ILC2s.

Parabiosis experiments in an unchallenged setting revealed
that ILC2s are long-lived cells and are locally maintained as tissue-
resident cells in lymphoid and nonlymphoid organs. However, in
the context of prolonged parasitic infection or allergic lung inflam-
mation, ILC2s can infiltrate to the sites of inflammation [42, 43].
In addition, inflammatory ILC2s (ilLC2s), which were proposed to
be transient progenitors of natural ILC2s (nILC2s) in the lung, are
described to migrate from the intestine to the lung [27]. Since we
could show that STAT6-deficient iIL.C2s have a competitive dis-
advantage in the lung, we currently cannot exclude that STAT6
might be involved in regulation of recruitment of iILC2s to the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

*p < 0.05; *p < 0.01, unpaired two-tailed Stu-
dent’s t-test.

lung. Moreover, ILC2s express various chemotactic receptors and
we found a STAT6-dependent upregulation of CCR8 and CRTH2
expression in ILC2s. This indicates that ILC2-intrinsic STAT6 could
also be involved in orchestrating trafficking between tissues by
regulating expression of chemotactic receptors. However, to deter-
mine the role of STAT6 in ILC2 recruitment, further studies are
required including global analysis of STAT6-regulated genes in
ILC2s.

In particular, recent work has demonstrated that ILC2s are
important in building a bridge between innate and adaptive
immune response through MHC class II interaction in an antigen-
specific manner to orchestrate inflammation [17, 19, 40]. Inter-
estingly, we showed that MHC class II expression in lung ILC2s is
induced by STAT®6 signaling, suggesting that ILC2-intrinsic STAT6
is involved in a positive feedback loop by promoting MHC class
IT expression to control adaptive Th2 cell function, which then
leads to proliferation and expansion of ILC2s. This feedback may
explain why ILC2 numbers are still increasing after helminth lar-
vae already left the lung. Since it is known that ILC2s not only act
as alarmin sensors and that these cells can cooperate with CD4" T
cells to ensure efficient long-term immunity by maintaining AAM
macrophages [21], it is important to understand complex mecha-
nisms that control ILC2 population size in the lung following Nb
infection.
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In conclusion, although ILC2s can be activated directly by
epithelial cell-derived alarmins, lung ILC2s respond to T cell-
derived IL-4/IL-13, leading to activation of STAT6 signaling. ILC2-
intrinsic STAT6 signaling regulates ILC2 number and proliferation
in the lung, but not production of IL-5 and IL-13. In the context
of type 2 inflammation, it appears that reciprocal coordinated
interaction between Th2 cells and ILC2s is important for facilitat-
ing local ILC2 accumulation in the lung to orchestrate protective
immunity against helminth infection.

Materials and Methods

Mice

IL-4/1L-13-deficient mice (4-13ko) were kindly provided by A.N.
McKenzie (MRC Laboratory of Molecular Biology, Cambridge, UK)
[22]. Mice with a loxP-flanked IL-4/IL-13 allele [44] were crossed
to CD4Cre mice [45] to generate mice with selective deletion of
both cytokines in T cells (4-13Tko mice) and backcrossed for more
than ten generations to BALB/c background. STAT6~/~ mice [46]
and Thyl.1 congenic mice were described previously and were
used on a 4get/BALB/c background [47]. Rosa26 "SI-STATOVE mice
(STAT6vt mice) were generated by inserting a constitutively active
version of STAT6 with a C-terminal FLAG-tag (STAT6vt) [48]
behind a loxP-flanked Stop cassette into the genomic Rosa26 locus
by standard ES cell technology and pBigT/pROSA26-PA target-
ing vector system [49]. STAT6vt mice were bred to R26CTERT2
(C57BL/6-Gt(ROSA)26Sor™mo(Cre/ESRDAreY mijce [50] to generate
experimental R26CFRT2_STAT6vt mice. All mice were housed
according to institutional guidelines and used between 6 and 12
weeks of age. All animal experiments were performed in accor-
dance with German animal protection law and European Union
guidelines 86/809 and were approved by the Federal Government
of Lower Franconia.

Helminth infections

Infectious third-stage Nb larvae were recovered from the cultured
feces of infected rats and washed extensively in sterile 0.9% saline
(37°C). 500 viable larvae (L3) were inoculated subcutaneously.
Mice were supplemented with antibiotics-containing water (2 g/L
neomycin sulfate, 100 mg/L polymyxin B; Sigma—Aldrich, St Louis,
MO) for the first 5 days after infection. Mice were analyzed at
indicated time points after infection.

Generation of MBMCs

For generation of MBMCs, BM cells were obtained from tibia
and femur of 4get/STAT6~/~ (Ly5.2* congenic) or R26CERT2.
STAT6vt (Ly5.1/Ly5.2 congenic) mice and mixed at a 1:1 ratio

with BM cells from WT mice (Ly5.1% congenic). A total of

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2x10° cells were injected into the tail vein of lethally irradi-
ated recipient (9 Gy) 4get-Thyl.1-BALB/c (Ly5.2* congenic) or
(11Gy) C57BL/6 (Ly5.2" congenic) mice. Mice were treated with
antibiotic-containing drinking water for 8 weeks after reconstitu-
tion.

Single-cell tissue preparation

Lungs were perfused by injection of 10 mL cold PBS into the right
ventricle of the heart. Immune cells were isolated from lung and
lamina propria with the GentleMACS device using GentleMACS
C tubes according to manufacturer’s instructions (Miltenyi Biotec,
Bergisch Gladbach, Germany). Percoll density gradient centrifu-
gation was performed to remove debris. mLNs were mechanically
dispersed using a 100 pwm cell nylon strainer (Becton Dickinson,
Franklin Lakes, NJ). Red blood cells were removed from all organs
by ACK lysis (155 mM NH4Cl, 9.99 mM KHCO3, 0.10 mM EDTA).
Cell suspensions were washed in FACS buffer (PBS, 2% fetal calf
serum; Life technologies by Thermo Fisher Scientific, Darmstadt,
Germany) and subjected to staining protocols for flow cytometry
analysis.

Flow cytometry

Single cell suspensions were first incubated with rat antimouse
CD16/CD32 antibodies (clone 2.4G2; BioXcell, West Lebanon,
NH) to avoid unspecific staining. The following antibodies were
applied for 30 min at 4°C: BioLegend (San Diego, CA, USA)
mADbs: anti-CD3-PE/Cy7 (17A2), anti-CD4-PE/Cy7 (RM4-5), anti-
CD11c-PE/Cy7 (N418), anti-CD127-PE/Dazzle™ 594 (A7R34),
anti-Ly5.2-Brilliant Violet 421™ (104), anti-CD3e-FITC (500A2),
anti-ICOS-APC  (C398.4A), anti-I-A9-APC  (AMS-32.1), anti-
Thy1.2-APC (30-H12), anti-Thyl.2-PerCP/Cy5.5 (53-2.1), anti-
B220-PerCP/Cy5.5 (RA3-6B2), anti-LPAM-1-PE (DATK32);
Miltenyi mAbs: anti-NKp46-PE-Vio770 (REA815), anti-NK1.1-
PE-Vio770 (PK136); BD Biosciences (Heidelberg, Germany)
mAbs: anti-PD-L1(CD274)-APC (MIH5), anti-ICOS-PE-CF594
(C398.4A), anti-KLRG1-BV711 (2F1) anti-CD127-BV711
(SB/199), anti-Ly5.1-BUV395 (A20); anti-Ly5.2-BUV737 (104),
MD Bioproducts (Egg b. Ziirich, Switzerland): anti-ST2-PE
(DJ8); eBioscience/Thermo Fisher Scientific mAbs: anti-CD11b-
PE-Cy7 (M1/70) anti-FceR1-PE-Cy7 (MAR-1), anti-B220-PE-C7
(RA3-6B2), anti-CD4-FITC (RM4-5), anti-CD8a-FITC (53-6.7),
anti-B220-FITC (RA3-6B2), anti-Thyl.1-PerCP-Cy5.5 (HIS51),
anti-Sca-1-PE (D7), anti-Ly5.2-PE (104), anti-CD25-APC-eFluor
780 (PC61.5), anti-Flt3-APC (A2F10), and biotinylated anti-CD3
(clone 145-2C11), anti-CD4 (GK1.5), anti-CD8a (53-6.7), anti-
B220 (RA3-6B2), and anti-Gr-1 (RB6-8C5). To detect biotinylated
antibodies, PE-Cy7-, APC-Cy7-, and FITC-labeled streptavidin
was used. Live/dead cell exclusion was performed with Fixable
Viability Dye eFluor™ 506 (Thermo Fisher Scientific). For stain-
ing of transcription factor, cells were fixed and permeabilized
using the FoxP3 staining buffer kit (Thermo Fisher Scientific)
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according to manufacturer’s protocol and stained with the follow-
ing antibodies: anti-GATA3-BUV395 (1.50-823). For intracellular
detection of cytokines, cells were stimulated with 50 ng/mL
phorbol-12-myristate-13-acetate and 2 pg/mL ionomycin for 4 h.
After 2 h, 10 pg/mL Brefeldin A (Sigma-Aldrich) was added.
The cells were fixed with 4% para-formaldehyde (PFA, Carl Roth,
Karlsruhe, Germany) at room temperature for 20 min, followed
by adding permeabilization buffer (BioLegend) and stained with
anti-IL-13 Alexa Fluor 488 (eBio13A) from eBioscience/Thermo
Fisher Scientific. Samples were measured (see gating strategy in
Supporting Information Fig. S1) on an LSRFortessa cell analyzer
(BD Biosciences) and were analyzed with Flowjo (V10; TreeStar,
Ashland, OR, USA) in accordance to the “Guidelines for the use of
flow cytometry and cell sorting in immunological studies” [51].

EdU incorporation

After Nb infection, 6h before analysis, mice were injected with
1 mg 5-ethynyl-2’-deoxyuridine (EAU) (Sigma-Aldrich) in 100 pL
PBS into the tail vein. Single-cell suspensions from mLNs and
lungs were stained for surface antigens, washed with 1% BSA, and
subjected to the Click-it Plus EAU Alexa Fluor 647 Flow Cytometry
Assay Kit (Thermo Fisher Scientific).

Tamoxifen treatment

Mice were injected three times every second day i.p. with 1 mg
tamoxifen (Sigma-Aldrich) dissolved in 200 pL Miglyol (Caesar
& Loretz GmbH, Hilden, Germany).

In vitro culture of ILC2 cells and ELISA

ILC2s were sorted by S3 Cell Sorter (Bio-Rad, Hercules, CA)
from the lungs of day 7 Nb-infected WT or STAT6~/~ mice.
ILC2s identified as lineage-negative, ST2" CD90™" cells were sub-
sequently expanded in high glucose medium (Dulbecco’s modified
Eagle’s GlutaMAX medium (PanBiotech, Aidenbach, Germany)
supplemented with 10% fetal bovine serum (FCS), 50 uM
B-mercaptoethanol, 10 mM nonessential amino acids, 1 mM
sodium pyruvate, 100 IU/mL penicillin, 100 pg/mL strepto-
mycin (all from Life technologies by Thermo Fisher Scientific),
and 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES) buffer) stimulated with 10 ng/mL IL-2 (Biolegend),
10 ng/mL IL-7 (R&D Systems, Minneapolis, MN), 10 ng/mL IL-25
(Immunotools, Friesoythe, Germany), and 10 ng/mL IL-33 (R&D
Systems) for 7 days. Cell-free supernatants were collected for
ELISA at days 2 and 7 of ex vivo cultured cells. IL-5 and IL-13
concentrations were measured with an ELISA Development Kit
(Peprotech, Hamburg, Germany). Alkaline phosphatase-coupled
streptavidin and para-Nitrophenylphosphat substrate (both from
Southern Biotec, Birmingham, AL) were used for detection.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Quantitative RT-PCR

Total RNA was extracted from sorted lung ILC2s at day 7 after
Nb infection with the RNeasy Mini Kit (Qiagen, Hilden, Germany)
using MinElute spin column. Then, 1 g total RNA was used for
first-strand complementary DNA synthesis using SuperScript III
Reverse Transcriptase (Thermo Fisher Scientific) and oligo(dT)
primers. The resulting cDNA was used as template for quanti-
tative PCR. Real-time PCR was performed with a CFX96 Connect
Real-Time PCR Detection System (Bio-Rad Laboratories) with ten-
fold diluted cDNA templates using SYBR Green I (Thermo Fisher
Scientific) and the following primer sequences: IL-4 forward 5’'-
ACT TGA GAG AGA TCA TCG GCA -3’; IL-4 reverse 5'- AGC TCC
ATG AGA ACA CTA GAG TT -3'; IL-5 forward 5'- AGG ATG CTT
CTG CAC TTG AG -3’; IL-5 reverse 5'- TCT GTA CTC ATC ACA
CCA AG -3'; IL-13 forward 5'- GCA GTC CTG GCT CTT GCT TG
-3/, IL-13 reverse 5'- TGC TTT GTG TAG CTG AGC AG -3'; IL-17A
forward 5’- ACT ACC TCA ACC GTT CCA CG -3'; IL-17A reverse
5’- CAC ACC CAC CAG CAT CTT CT -3'; IFN-y forward 5'- ACG
CTA CAC ACT GCA TCT TG -3’; IFN-y reverse 5'- TCG GAT GAG
CTC ATT GAA TG -3'; H2-Aa forward 5'- TGG GCA CCA TCT TCA
TCA TTC -3’; H2-Aa reverse 5'- GGT CAC CCA GCA CAC CACTT
-3’; CCR4 forward 5'- AGA AAA TTC ATG CGA GGG AGA A -3/;
CCR4 reverse 5'- TGT CAC TCA AGG GTC GTG TCA -3’; CCR8
forward 5'- TGA CCG ACT ACT ACC CTG ATT TCT T -3’; CCR8
reverse 5- GCT GCC CCT GAG GAG GAA -3’; CRTH2 forward 5’'-
CCT GGT GGA AAA CGG ACT CAT C -3’; CRTH2 reverse 5'- GGA
AGT AGG TGA AGA AAG GCA GG -3'. Normalized gene expres-
sion values were calculated as the ratio of expression of mRNA
of interest to the expression of mRNA for Hprt (encoding hypox-
anthine guanine phosphoribosyltransferase). HPRT1 forward 5’'-
GTT GGA TAC AGG CCA GAC TTT GTT-3/, HPRT1 reverse 5'-
GAG GGT AGG CTG GCC TAT AGG CT-3'. PCR conditions were
the following: 15 min initial denaturation at 95°C, 40 cycles with
30s of denaturation at 95°C, 45 s of annealing at 58°C, and 45s
of elongation at 72°C.

Statistics

Statistical assessment of the acquired data was performed with
SigmaPlot 12.3 software (Systat Software Inc., San Jose, CA).
Data were analyzed using two-tailed Student’s t-test for normally
distributed data or Mann-Whitney U-test for nonnormally dis-
tributed data as indicated in the figure legends. p-Values <0.05
were considered statistically significant.
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Supplemental figure 1

Flow cytometry gating strategies of ILC2s. (A) Panels represent gating strategy for lineage
negative (LIN 1: CD3g" CD4" CD8a." B220" Grl" Ter119"; LIN 2: CD11b" CD11c¢" FceR1"
NK1.1" Nkp46") lung ILC2s gated for ST2" ICOS" CD90" KLRG1" after debris and doublets
were excluded and lymphocytes selected. (B) Lin” ST2" ICOS™ CD90" KLRG1" ILC2s were
analyzed for CD127 and GATA3 expression. Gates were set accordingly to the corresponding
isotype staining control. (C) Frequency of mLN ILC2s from WT (black), 4-13Tko (gray), and
4-13ko (dark gray) mice were analyzed at d 5, 7 and 9 after Nb infection. Bars show the mean
+ s.e.m. three individual mice per group and are representative of two independent
experiments.
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Supplemental figure 2

Distribution of reference population in different organs of MBMCs. (A) Frequency of B
cells in the lung (left panel) and mLN (right panel) of MBMCs (see Fig. 2A) at steady state
and at d 7 and 9 after infection with Nb. Bars show the mean + s.e.m. of three to four
individual mice per group and are representative of three independent experiments. (B)
Frequency of B cells in the lamina propria (LP) of naive MBMCs. (C) Frequency of ILC2
(Lin" Sca-1" CD90" KLRG1") in the colon and LP of naive MBMCs. Bars show the mean +
s.e.m. of two individual experiments with 3-6 mice per group. *P<0.05 by two-tailed
Student’s t-test.
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Supplemental figure 3

No difference of ILC2 progenitor cells in the bone marrow of MBMCs. (A) Gating
strategy of WT (black) and STAT6 "~ (gray) Lin” FLT3" CD25 CDI127" 04p7" common
“helper-like” innate lymphoid cell progenitors (CHILP) in the bone marrow of naive mice.
(B) Frequency of donor CHILPs in the bone marrow of MBMC:s (see Fig. 2A). Bars show the
mean + s.e.m. of three individual mice per group and are representative of two independent
experiments.
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