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IL-4-producing ILC2s are required for the
differentiation of T42 cells following
Heligmosomoides polygyrus infection

VS Pelly’, Y Kannan', SM Coomes', L] Entwistle', D Riickerl®, B Seddon’, AS MacDonald*, A McKenzie’
and MS Wilson"

Immunity to many human and murine gastrointestinal helminth parasites requires interleukin-4 (IL-4)-directed

type 2 helper (T,2) differentiation of CD4 ™" T cells to elicit type-2 immunity. Despite a good understanding of the
inflammatory cascade elicited following helminth infection, the initial source of IL-4 is unclear. Previous studies using the
rat helminth parasite Nippostronglyus brasiliensis, identified an important role for basophil-derived IL-4 for T,2
differentiation. However, basophils are redundant for T,;2 differentiation following infection with the natural helminth
parasite of mice Heligmosomoides polygyrus, indicating that other sources of IL-4 are required. In this study using
H. polygyrus, which is controlled by IL-4-dependent immunity, we identified that group-2 innate lymphoid cells (ILC2s)
produced significant amounts of IL-4 and IL-2 following H. polygyrus infection. Leukotriene D4 was sufficient to
stimulate IL-4 secretion by ILC2s, and the supernatant from activated ILC2s could potently drive T2 differentiation
in vitro in an IL-4-dependent manner. Furthermore, specific deletion of IL-4 from ILC2s compromised T,2 differentiation

in vivo. Overall, this study highlights a previously unrecognized and important role for ILC2-derived IL-4 for T,2
differentiation in a natural T,2-dependent model of human helminthiasis.

INTRODUCTION

Intestinal helminth infections remain a significant global burden
with devastating economic and health impacts,' highlighting
clear gaps in our knowledge and translation of anti-helminth
immunity. Most small animal model systems are not permissive
hosts for human helminths, limiting our ability to study natural,
coadapted host-pathogen interactions. Instead, natural murine
helminths, such as Heligmosomoides polygyrus, which establish
chronic infections in inbred mice similar to their human
counterparts, provide an appropriate experimental system to
study natural host-pathogen interactions.

Immunity to H. polygyrus has been shown to be dependent
on CD4" T cells and interleukin (IL-4)* orchestrating a
polarized type-2 immune response, activating and mobilizing
a suite of innate immune cells and local tissue responses. Early
innate responses can determine the outcome, severity, and
persistence of infection;? however, our understanding of these

early events is incomplete. Specifically, IL-4-dependent differ-
entiation of CD4 ™" type 2 helper (Ty2) cells is an essential
component of immunity to H. polygyrus;* however, the in vivo
source of IL-4 remains elusive. A series of studies identified
that basophils were an important source of IL-4 for T2
differentiation during murine infection with the rat parasite
Nippostrongylus brasiliensis.” However, given that IL-4 is not
required for immunity to N. brasiliensis,® this experimental
system may not be the most appropriate to identify the early
sources of IL-4 during natural immunity. Basophils and
eosinophils express and secrete IL-4 during H. polygyrus
infection;” however, Ty;2 differentiation and type-2 immunity
was not impaired in basophil-deficient mice, basophil-depleted
mice, or mice given anti-IL-5 to deplete eosinophils.”® Thus,
although IL-4 is critical for Ty2 differentiation during
H. polygyrus infection, neither basophils nor eosinophils are
essential sources of IL-4.
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Group-2 innate lymphoid cells (ILC2s) have a variety of
important functions including the secretion of potent type-2
cytokines IL-13, IL-5, and IL-9, which contribute to anti-
helminth immunity as well as the pathogenesis of allergy.”'’
Recent evidence identified ILC2s as antigen-presenting cells
able to process and present antigen to CD4 " T cells and relay
signals to the adaptive immune system."" ILC2s also contribute
to the maintenance of other innate cells in the tissue,'>"
support tissue remodeling and repair following injury,"* and
maintain metabolic homeostasis.'”> ILC2s have been shown to
transcribe'® and secrete IL-4;'” however, the functional
relevance of ILC2-derived IL-4 has not been tested.

In this study, we report that ILC2s expand early during
H. polygyrus infection in both the intestinal lamina propria
(LP) and in the draining mesenteric lymph nodes (MLNs) in
concert with early T2 cell differentiation. ILC2 expansion with
IL-2 immune complexes invoked a local type-2 response in the
tissue and provided some protection from chronic H. polygyrus
in the absence of Rag-dependent cells. Furthermore, LP ILC2s
expressed Il4 and II2 transcripts and secreted large amounts of
IL-4 and IL-2 protein. Functionally, ILC2-derived IL-4 was
required for the recruitment of ILC2s to the tissue following
H. polygyrus infection and to drive optimal CD4 " T2 cell
differentiation. These data identify a previously overlooked and
important role for ILC2-derived IL-4 for Ty2 cell differentia-
tion following H. polygyrus infection. Harnessing the influence
of ILC2s may, therefore, support T-cell-mediated vaccine
approaches against intestinal helminth infections.

RESULTS

Development of type-2 responses following H. polygyrus
infection correlates with the expansion of ILC2s in the local
lymph node and SI

ILC2s are recruited to local lymph nodes of mice early after
infection with the natural murine helminth, H. polygyrus,'®
with the total number of ILC2s correlating with resistance to
H. polygyrus."” However, the functional relevance of ILC2s in
H. polygyrus infection has not been tested. Wild-type (WT)
C57BL/6 mice infected with H. polygyrus had an elevated local
type-2 response in the small intestine (SI) from day 5 following
infection, with elevated expression of 1133 and type-2 cytokines
(Il13, 1I5, and Il4) (Figure la). Anti-helminth type-2 innate
effector pathways were also increased, including macrophage-

associated Retnla and goblet cell-derived Retnlb (Figure 1a).
Concomitant with this early type-2 response was an increase in
the total number of Lin Thy1.2 ™ ILCs and KLRG1 " ILC2s in
the LP (Figure 1b) and MLN (Figure 1c¢), with increased mucus
production in the local tissue (Figure 1d). KLRG1 " ILC2s
expressed mRNA and protein for Gata3, canonical type-2
cytokines II5 and Il13 (Figure le,f and Supplementary
Figure 1A online), high levels of CD25 (Supplementary
Figure 1B), and were morphologically similar to purified
114-GFP " CD4 ™" Ty2 cells (Figure 1g). ILC2s did not express
mRNA or protein for Rorct (Figure le and Supplementary
Figure 1A) or express Il17a or 1122 (Figure 1e). Thus, KLRG1
expression on LinThyl.2™ cells faithfully marked GATA-
37 RORYT" cells (Supplementary Figure 1A,C) as reported
previously,” and GATA-3"RORYT™ cells were significantly
expanded in the MLN at day 5 postinfection (Supplemen-
tary Figure 1D). IL-4- (Figure 1h) and IL-13-secreting
(Figure 1i) CD4 " Ty2 cells were also significantly increa-
sed as early as day 5 postinfection and further increased at days
7 and 10 postinfection. Taken together, these data highlight a
concomitant innate and adaptive type-2 response developing
early following H. polygyrus infection.

H. polygyrus-elicited ILC2s secrete IL-2 and IL-4,
supporting T2 cell differentiation in vitro

We observed that the majority of KLRG1 ™ ILC2s in the LP
(Figure 2a) and MLN (Supplementary Figure 2A) of naive
and infected mice were transcribing Il4-GFP, in contrast to
lung-resident ILC2s and bone marrow (BM) ILC2 progenitors,
where only ~25 and 60% of ILC2s were Il4-GFP™"
(Supplementary Figure 2A). The number of Il4-GFP™
ILC2s were significantly expanded following H. polygyrus
infection (Figure 2b), in accordance with observed increases in
KLRG1 " cells. Il4-GFP expression does not always correlate
with IL-4 protein secretion.” To determine whether ILC2s were
secreting IL-4 in vivo, we infected IL4-GFP/KN2 mice, which
express human CD2 on the surface of cells that have translated
and secreted IL-4, and analyzed KN2 expression following
infection. Both the proportion (Supplementary Figure 2C)
and total number (Figure 2¢) of I[4-GFP "KN2 ™" cells were
increased 5 days following infection. Furthermore, LP ILC2s
secreted large amounts of IL-4 protein following ex vivo
stimulation with phorbol 12-myristate 13-acetate (PMA) and
ionomycin (Figure 2d). Although basophils have been

Figure 1

>

Development of type-2 responses to Heligmosomoides polygyrus correlates with the expansion of group-2 innate lymphoid cells (ILC2s) in

the small intestine (Sl). C57BL/6 mice were infected with 200 H. polygyruslarvae and harvested atdays 0, 5, 7, and 10 postinfection. (a) Gene expression
of 1133, 1113, 114, 115, Retnla, and Retnib in the S| day 5 postinfection, expressed as fold change relative to day 0. (b) Representative fluorescence-
activated cell sorting (FACS) plots of lamina propria (LP) KLRG1 ™ ILC2s within the Lin"Thy1.2% gate. Total number of Lin"Thy1.2*ILCs and
Lin"Thy1.2 "KLRG1 " ILC2s in the (b) LP and (c) mesenteric lymph node (MLN). LP data are representative of three independent experiments with four
mice per group. MLN data is pooled from three independent experiments with four mice per group. (d) Mucus staining (Alcian blue-periodic acid-Schiff) of
Sl sections of infected mice. Rag2~’~ mice were infected with 200 H. polygyrus larvae and harvested at day 5 postinfection. (e) Gene expression in sort-
purified LP ILCs (Lin"Thy1.2 "KLRG17) and ILC2s (Lin"Thy1.2 * KLRG1 *) at day 5 postinfection, expressed relative to Hprt. () Interleukin-5 (IL-5) and
IL-13 protein production by sort-purified ILCs and ILC2s stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin (PMA + 1) for 24 h. Cells
were pooled from four to six mice, with error bars indicating technical replicates. (g) Giemsa-stained Lin"Thy1.2 *KLRG1* ILC2s and CD4 * TCRB * /i4-
GFP " cells (bar represents 100 um). (h) Frequency and (i) total number of CD44 " IL-4 * cells and CD44 " IL-13" CD4 " TCRB * cells in the spleen of
C57BL/6 mice following H. polygyrus infection as assessed by intracellular cytokine staining. Data are representative of three independent experiments
with four to six mice per group. *P<0.05 using the Mann—-Whitney test. FSC-H, forward side scatter of height; TCR, T-cell receptor.
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the LP compared with Il4-GFP " basophils (Supplementary
Figure 2B). To identify factors required for IL-4 secretion from

described as a dominant Il4-GFP " population early in the
tissue during N. brasiliensis infection,” following H. polygyrus

infection we observed significantly more Il4-GFP " ILC2s in

H. polygyrus-elicited ILC2s, we stimulated purified ILC2s with
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Figure 2 Group-2 innate lymphoid cells (ILC2s) express //4-GFP, secrete interleukin-4 (IL-4), and drive the differentiation of type 2 helper (T2) cells
in vitro in an IL-4-dependent manner. //4-GFP Foxp3-RFP mice were infected with 200 Heligmosomoides polygyrus larvae and harvested at day 5
postinfection. (a) Representative fluorescence-activated cell sorting ( FACS) plots of lamina propria (LP) /[4-GFP * cells within KLRG1~ (gray line) or
KLRG1 ™" (redline) ILC populations. (b) Total number of //[4-GFP *KLRG1 " cells in the LP and mesenteric lymph node (MLN). LP data are representative
of three independent experiments with four mice per group. MLN data is pooled from three independent experiments with four mice per group. //4-GFP/
KN2 mice were infected with 200 H. polygyrus larvae and harvested at day 5 postinfection. (c) Total number of //[4-GFP *KN2 " KLRG1 " cells within the
Lin"Thy1.2* gate. Data are representative of two independent experiments with six mice per group. Rag2~’~ mice were infected with 200 H. polygyrus
larvae and harvested at day 5 postinfection. (d—e) IL-4 or (f) IL-2 secretion by purified ILCs and ILC2s restimulated with phorbol 12-myristate 13-acetate
and ionomycin (P +1), IL-2 + IL-25 + IL-33, or leukotriene D4 (LTD,) for 24 h. (d) //4 and (f) /I2 gene expression in purified ILCs and ILC2s expressed
relative to Hprt. Cells were pooled from four to six mice. (g) Frequency of ILCs (white bars; Lin"Thy1.2*KLRG1") and ILC2s (black bars;
Lin"Thy1.2*KLRG1¥) in the LP and MLN of naive Rag2~’~ and //2~/~ Rag2~’~mice. Rag2~’~ or 2=/~ Rag2~’~mice were infected with
200 H. polygyrus larvae and harvested at day 5 postinfection. (h) Total number of ILC2s (Lin"Thy1.2*KLRG1 ") in the MLN of naive Rag2~’~ (white
bars) and infected Rag2~’~ and /l2~/~ Rag2~’~mice (black bars). Data are representative of three independent experiments with three to five
mice per group. ILC2s were expanded using IL-2 complex (IL-2c) and purified from the MLN of Fi’ag2*/’ orl2=’~ FfagZ’/* mice. Purified ILC2s were
stimulated with PMA + | for 3 h, washed, and then plated in complete media for an additional 21 h. (i) IL-13, IL-5, IL-4, and IL-2 protein production in the
supernatant of restimulated ILC2s (3—24 h). Data are pooled from two independent experiments with three biological replicates per group. (j) Model of
experimental setup. Frequency of CD4 * TCRB ™ /I4-GFP " cells following culture with the supernatant of restimulated ILC2s or 2=/~ ILC2s, in the
presence or absence of anti-IL-4-blocking antibody. Data are representative of three independent experiments. *P<0.05 using the Mann—Whitney test.
NS, nonsignificant; TCR, T-cell receptor.
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cytokines and lipid mediators known to activate ILC2s.
Stimulation with IL-2, IL-33, and IL-25 did not induce IL-4
secretion (Figure 2e); however, stimulation with leukotriene
D4 (LTD,) induced significant IL-4 secretion (Figure 2e), as
reported previously,'”” but did not stimulate IL-5 and IL-13
secretion (Supplementary Figure 3A). Previous reports
identified that ILC2s also secrete or express IL-2;'>*° however,
it remains unclear whether ILC2-derived IL-2 is required for
ILC2 function. We FACS-purified H. polygyrus-elicited
KLRG1" ILC2s and confirmed that ILC2s transcribed II2
and secreted large amounts of IL-2 protein following PMA and
ionomycin stimulation (Figure 2f). Stimulation with IL-25/IL-
33 or LTD, did not induce IL-2 secretion from ILC2s
(Supplementary Figure 3A), suggesting that other, as yet
unknown, factors may stimulate IL-2 secretion from ILC2s
in vivo. To test the requirements of IL-2 for ILC2 development
and IL-4 production, we infected 112~/ mice, which were also
backcrossed onto a Rag2 '~ background, with H. polygyrus.
In both the LP and the MLN of naive mice, the frequency and
total number of ILC populations were comparable between
1127/~ Rag2~’~ and Rag2 '~ mice (Figure 2g). Similarly,
following H. polygyrus infection, IL-2 was not required for the
expansion of KLRG1 * ILC2s in the MLN (Figure 2h). Thus,
unlike IL-7, which is essential for the development of all ILC
populations,” IL-2 appears to be redundant for ILC develop-
ment and ILC2 expansion, 5 days following H. polygyrus
infection. Stimulation of FACS-purified ILC2s with IL-2 alone
was insufficient for IL-4 secretion (Supplementary Figure 3B);
however, to determine whether IL-2 was required for IL-4
secretion, we isolated ILC2s from the H. polygyrus-infected
1127/"Rag2~’~ and Rag2 '~ mice and restimulated these
cells ex vivo. IL-2 deficiency had no significant impact on IL-4,
IL-13, or IL-5 secretion from ILC2s (Figure 2i), suggesting that
IL-2 signaling is not fundamentally required for type-2 cytokine
production by ILC2s.

ILC2s can directly'™*' and indirectly”> support Ty2 cell
differentiation. Following the observation that H. polygyrus-
elicited ILC2s secreted both IL-4 (Figure 2d) and IL-2
(Figure 2e), key cytokines for Ty2 cell differentiation,?>**
we hypothesized that ILC2s may be important sources of these
cytokines for Ty2 cell differentiation. We first tested whether
the supernatant from H. polygyrus-elicited ILC2s could
support Ty2 differentiation in vitro by culturing naive CD4*
CD25°CD44 * [14-GFP™ T cells with ILC2-derived supernatant
(model; Figure 2j). Strikingly, the supernatant from ILC2s, in
combination with T-cell receptor (TCR) ligation, potently
differentiated naive T cells into II4-GFP " T2 cells in an
IL-4-dependent manner (Figure 2j). Of note, when we cultured
naive I14-GFP™ T cells with the supernatant from 112~/ ILC2s,
we observed a slightly lower frequency of I[4-GFP* T2 cells
(Figure 2j). Taken together, these data indicate that
ILC2-derived IL-4 can drive Ty2 differentiation in a
contact-independent manner and that IL-2-competent
ILC2s are required for optimal ILC2-mediated T2
differentiation in vitro. Furthermore, given the nonessential
role for basophils in early Ty;2 responses to H. polygyrus® and
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the minimal increase in basophils at day 5, these in vitro data
suggest that ILC2s may also be an important source of IL-4 for
Ty2 differentiation in vivo.>®

IL-2-expanded ILC2s provide partial immunity to

H. polygyrus

IL-4 is necessary and sufficient to expel H. polygyrus and
H. polygyrus-elicited ILC2s produce IL-4 (Figure 2). Following
published observations that IL-2:anti-IL-2 cytokine complex
(IL-2¢) treatment can significantly expand ILC2s in vivo,”**
we tested whether IL-2c-expanded ILC2s could orchestrate the
expulsion of H. polygyrus in the absence of CD4 * T cells. IL-2¢
treatment expanded the total number of ILC2s in the LP and
MLN at day 5 postinfection (Figure 3a,b). Furthermore, IL-2¢
treatment increased ILC2 proliferation, determined by Ki67
expression (Figure 3¢), and further enhanced CD25 expression
on ILC2s (Figure 3d). Expansion of ILC2s correlated with the
increased expression of type-2 cytokine genes (115, 1113, and I14)
in the SI as well as in increased expression of Retnla, Retnlb,
and Argl (Figure 3e), indicating that downstream type-2
anti-helminth immune-driven pathways were activated.
Consequently, we observed more worms trapped in the wall
at day 9 that failed to emerge and develop into mature adults,
resulting in a significant reduction of adult worms in the lumen
at day 22 (Figure 3f), suggesting that IL-2c-expanded ILC2s
provided partial protection from H. polygyrus infection.
However, many worms did emerge and persisted in IL-2c-
treated mice, suggesting that despite a fivefold increase in ILC2s
(Figure 3b) and the significant activation of type-2 immune
pathways, ILC2s alone provided significant, but limited
protection from H. polygyrus infection.

26,27

ILC2s are required for T2 differentiation in vivo, with
ILC2-derived IL-4 contributing significantly to ILC2
expansion and T,2 differentiation following H. polygyrus
infection

The observation that IL-2c-expanded ILC2s could provide
significant, but limited, immunity to a primary infection with
H. polygyrus in the absence of CD4 ™" T cells (Figure 3) was in
stark contrast to the ability of ILC2s to drive complete expulsion
of N. brasiliensis following similar IL-2c treatment.'' We
therefore explored whether ILC2s could instead be supporting
the development of adaptive immune responses in vivo, and in
particular whether ILC2-derived IL-4 contributed to T2
differentiation in vivo following H. polygyrus infection. To test
the requirement of ILC2s and ILC2-derived IL-4, we
reconstituted ILC-deficient mice (II7r—/7)%° with either
ILC2-deficient BM (Roro*®*&!) alone or in a 80:20 ratio
with either Il4~/~ or WT BM (model; Figure 4a). These
chimeric mice allowed us to test whether ILC2s or IL-4
production by ILC2s contributed to the differentiation of T2
cells in vivo. Following H. polygyrus infection, the proportion of
ILCs in the LP did not differ significantly between chimeric
mice; however, as expected, II7r~/~ mice reconstituted with
Rora’®*8 BM alone (group “-”) were devoid of KLRG1™
ILC2s in the LP and MLN, but had normal frequencies of other
ILCs (Figure 4b,c and Supplementary Figure 4F). Although
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Figure 3

Interleukin (IL-2)-expanded group-2 innate lymphoid cells (ILC2s) can provide functional immunity to Heligmosomoides polygyrus infection.

F?agZ’/ ~ were infected with 200 H. polygyrus larvae and treated with IL-2 complex (IL-2c) or phosphate-buffered saline (PBS) as a control. Mice were
harvested 5 days postinfection. (a) Representative fluorescence-activated cell sorting (FACS) plots of mesenteric lymph node (MLN) Lin"Thy1.2 " cells.

(b) Total number of ILC2s (Lin"Thy1.2 "KLRG1 ™) in the lamina propria (
and graphical representation of CD25 expression (mean fluorescence i
nonlymphoid cells. (e) Gene expression of /15, 1113, 1l4, Retnla, Retnlb, and
relative to PBS-treated mice. (f) Worm count of trapped larvae in the wall

LP) and MLN of treated mice. (c) Percentage of Ki-67 * ILC2s. (d) FACS plot
ntensity (MFI)) on MLN ILC2s (Lin"Thy1.2*KLRG1 ") and Lin* Thy1.2™

Arg1inthe small intestine (SI) of IL-2c-treated mice, expressed as fold change
(white bars) and adult worms in the lumen (black bars) of IL-2c-treated mice

at days 9 and 22 postinfection. Data are representative of three independent experiments with three to four mice per group. *P<0.05 using the

Mann-Whitney test.

IL-4 is not required for ILC2 development,*® IL-4 deficiency in
ILC2s also impaired their recruitment to the SI and MLN
(Figure 4b,c and Supplementary Figure 4A). Total splenic
CD4" T cells were comparable between chimeric mice
(Figure 4d); however, chimeric mice devoid of ILC2s had
lower frequencies and lower total number of IL-4-, IL-13-, and
IL-5-secreting CD4 " CD44 " T cells in the spleen and MLN
following H. polygyrus infection (Figure 4e,f and Supplemen-
tary Figures 4G,H). Furthermore, mice reconstituted with
114~/~ BM also displayed fewer IL-4-, IL-13-, and IL-5-secret-
ing CD47CD44 " T cells in the spleen and MLN (Figure 4e,f
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and Supplementary Figures 4B,C). Whether the reduction of
Ty2 cells in chimeric mice with 114/~ ILC2s was because
of fewer ILC2 numbers (Figure 4b,c) is currently unclear.
Nevertheless, these in vitro and in vivo observations clearly
identify a significant role for ILC2s in promoting Ty2 cell
differentiation following H. polygyrus infection.

DISCUSSION

The differentiation of Ty2 cells and subsequent activation
of B cells secreting high-affinity immunoglobulin E and
immunoglobulin G1 antibodies has been the cornerstone of
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Figure 4 Group-2 innate lymphoid cells (ILC2s) are required for the development of type 2 helper (T12) cells during primary infection with

Heligmosomoides polygyrus. (a) Model of the experimental setup. //7r =/~

mice were sublethally irradiated and reconstituted with Roro®¥9 bone marrow

or 80% Rore*Y*? bone marrow with 20% wild-type (WT) or 20% //4~’~ bone marrow. At 7 weeks postreconstitution, chimeric mice were infected with 200
H. polygyrus larvae and harvested at day 7 postinfection. (b) Representative fluorescence-activated cell sorting (FACS) plots of KLRG1 " cells within the
Lin"Thy1.2* gate and (c) frequency of Lin"Thy1.2* ILCs and KLRG1* ILC2s in the lamina propria (LP) of Rora*%*9 (), Roras9s%:WT (WT), or Rora®¥
S9:1l4="~ (1l4~'~ ) mice 7 days postinfection. (d) Total number of CD4 " TCRB * cells in the spleen of chimeric mice. (e) Frequency and (f) total number of
cytokine-positive CD4 * CD44 " cells in the spleen of chimeric mice. Data are representative of two independent experiments with six to seven mice per

group. *P<0.05 using the Mann-Whitney test. FSC-H, forward side scatter of height; Lin, lineage; TCR, T-cell receptor.

anti-helminth  vaccine efforts. However, the precise
mechanisms involved in T};2 cell differentiation in vivo remain
poorly understood. Although a clear role for IL-4R signaling in
T cells has been well established in vitro and in vivo,”
the source of IL-4 in vivo is still unclear.”> The ability of
ILC2s to secrete type-2 cytokines™'® and present antigen to
T cells'" has established an important role for ILC2s in
initiating type-2 immunity and supporting adaptive immunity.
The majority of our current understanding of the role of ILC2s
in anti-helminth immunity is derived from murine infections
with the rat helminth, N. brasiliensis. Although this has been a
useful model to study ILC2 biology, whether murine infections

MucosallImmunology | VOLUME 9 NUMBER 6 | NOVEMBER 2016

with the mouse-adapted N. brasiliensis reveal all of the
characteristics of ILC2s is unclear. Furthermore, immunity
to N. brasiliensis does not require IL-4 (ref. 6) and therefore this
model system may not be the most appropriate to identify
critical sources of IL-4 for anti-helminth immunity. In this
study, using the natural murine parasite, H. polygyrus, we
identified that ILC2s secreted significant amounts of IL-4
in vivo and ex vivo, which was required to stimulate T2
differentiation in vitro and in vivo. Restricting I/4 deficiency to
ILC2s in vivo revealed an important role of ILC2s for the
differentiation of IL-13% and IL-5%7 T2 cells following
infection with H. polygyrus.

1413



ARTICLES

Eosinophils and basophils have also been reported to secrete
IL-4 following H. polygyrus infection.” Although both of these
sources of IL-4 are redundant for T2 differentiation during
H. polygyrus infection,”® the interplay between these three
innate cell populations (basophils, ILCs, and eosinophils) has
recently been reported. Specifically, basophil-derived IL-4
was required to activate ILC2s>* and ILC2-derived IL-5 was
sufficient to support eosinophilia.'” Thus, these three innate cell
populations can establish an early type-2 inflammatory land-
scape, activating innate and adaptive cells and reorganizing
local tissue. Whether such interactions are required for optimal
IL-4 secretion from ILC2s during H. polygyrus is unclear.

In this study, we identified that LTD,, but not IL-2, IL-25, or
IL-33, stimulated IL-4 secretion by ILC2s. Instead, IL-2, IL-25,
and IL-33 stimulated IL-5 and IL-13 secretion, as reported by
many others.”'® These results suggest that different activating
signals stimulate differential secretion of cytokines from ILC2s.
In particular, IL-4 secretion appears to be uncoupled from IL-5
and IL-13 secretion in ILC2s. Mast cells, which are highly
responsive to tissue damage-associated IL-33*" and form close
associations with ILC2s in vivo,” are an important source of
LTD,.*® Following H. polygyrus infection, early activation of
mast cells®” was required for T2 differentiation,*” although the
precise mechanisms were unclear. From these reports and our
results here, we propose a model where mast cell-derived LTD,,
following the secretion of tissue damage-associated IL-33,
stimulates IL-4 secretion by ILC2s, supporting early Ty2
differentiation. Indeed, using I/4-GFP/KN2 reporter mice, we
confirmed that ILC2s secreted IL-4 in the MLN and LP, early
during H. polygyrus infection. Of note, a recent report identified
that Kit-deficient mice (Kit"/Kit"™), which are devoid of
mature mast cells, were also deficient in ILC2s.*® If Kit-deficient
mice are indeed deficient in ILC2s, then studies investigating
the role of mast cells using these mice may need to be
readdressed. In addition to LTD,, we observed that 112~/ ~
ILC2s secreted slightly less IL-4 and were not as efficient at
driving T2 differentiation in vitro. These subtle defects may be
because of the absence of an IL-2 autocrine feedback loop
supporting IL-4 production, given that ILC2s express high
levels of the high-affinity IL-2Ro. (CD25)° and are highly
responsive to IL-2 in vitro’ and in vivo.”> A similar IL-2
autocrine loop supporting IL-4 production has been reported in
T cells following TCR engagement.”> Alternatively, TLC2-
derived IL-2 may facilitate Ty2 differentiation by providing
IL-2 directly to T cells, as IL-2 signaling in T cells is required for
optimal Ty2 differentiation.** Finally, IL-4 can also activate
ILC2s,>* providing an additional feedback loop, with ILC2-
derived IL-4 facilitating local ILC2 activation.

During H. polygyrus infection, we observed a significant
increase in IL-4 * ILC2s in the tissue (Figure 2). In addition to
the requirement of ILC2-derived IL-4 for T2 differentiation,
whether ILC2-derived IL-4 activates other innate, adaptive, or
stromal cells is unclear. Indeed, IL-4R-mediated activation of
tissue macrophages*' and epithelial cells** is required for
control of H. polygyrus. It has also been reported that IL-4R
signaling in dendritic cells is required for optimal T-cell
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differentiation in vivo.*’ Furthermore, ILC2s can activate
macrophages in vitro** and support epithelial cell repair in the
airways.'* We found that IL-2c-mediated expansion of ILC2s in
the absence of adaptive immunity led to a significant increase in
epithelial cell-associated Retnlb®” and macrophage-associated
Argl expression (Figure 3), suggesting that ILC2-derived IL-4
or IL-13 may have a role in activating these anti-helminth
pathways. It has previously been reported that IL-1B may
impede ILC2 expansion in WT mice by regulating IL-25 and IL-
33 secretion following H. polygyrus infection.” In this study, we
report that expansion of ILC2s following IL-2¢ treatment
correlated with a reduction in worm establishment, indicating
that TLC2s can support immunity following H. polygyrus
infection. Indeed, ILC2 frequency was shown to correlate with
increased type-2 immunity and resistance to H. polygyrus in
genetically resistant mice."

In conclusion, using a natural murine helminth infection
system to model chronic human helminth infection, we have
identified an important and previously unappreciated role for
ILC2-derived IL-4 for Ty2 cell differentiation in vitro and
in vivo. It was recently reported that helminth-infected children
had reduced ILC2s,*” and given that human ILC2s also secrete
IL-4,% strategies aimed at enhancing ILC2 function may
increase the efficacy of anti-helminth vaccine approaches by
boosting Ty2 cell responses and type-2 immunity.

METHODS

Animals and generation of BM chimeric mice. All mice used in this
study were maintained under specific pathogen-free conditions at the
Mill Hill Laboratory, The Francis Crick Institute (London, UK).
C57BL/6, Rag2 '~ , 1127/~ Rag2~ '~ , and TRE-IL-7R.B IL-7RecKO
rtTA.C (II7r —/ ) mice were bred and maintained at The Francis Crick
Institute. [14-GFPFoxp3-RFP mice were generated by crossing 4get’
and FIR* mice at The Francis Crick Institute. C57BL/6 [l4~ '~ BM
was kindly provided by Judi E Allen (University of Edinburgh,
Edinburgh, UK). Roro*®*® mice were obtained from Jackson Labs
(Farmington, CT) and KN2 (ref. 7) mice were provided by Andrew
MacDonald (University of Manchester, Manchester, UK) and crossed
with 4get” mice at The Francis Crick Institute. BM cells were isolated
either by flushing adult bones or gently crushing bones from neonatal
mice using a pestle and mortar. BM cells were filtered through a 40 pm
filter, mixed at the required ratios as indicated, and diluted in sterile
phosphate-buffered saline (PBS) for intravenous delivery. A total of 3-
5 x 10° cells were transferred per mouse and left to reconstitute for 7-8
weeks before the start of the experiment. Animal experiments were
performed according to institutional guidelines and following UK
Home Office regulations (project license 80/2506) and were approved
by The Francis Crick Institute Ethical Review Panel.

H. polygyrus infection and in vivo treatments. Mice were infected
with 200 H. polygyrus L3 larvae by oral gavage. Worms were counted in
the lumen or wall of the intestine at days 9 and 22 following infection.
For the expansion of ILCs, Rag2 ~’~ were treated with IL-2 complex
(IL-2¢) formed of recombinant IL-2 (R&D, Abingdon, UK) and anti-
IL-2 antibody (clone JES6-1A12; BioXcell, West Lebanon, NH). They
were prepared at a 1:10 ratio of IL-2:anti-IL-2 in sterile PBS for
intraperitoneal delivery. Two doses were used in this study, IL-2¢""
(0.5ng:5 ug) and IL-2cM8" (2.5 ug:25 ug). Mice were given three
intraperitoneal doses of IL-2c on days 0, 2, and 4 (as specified in figure
legends).
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Cell isolation, RNA extraction, and quantitative real-time poly-
merase chain reaction. MLN cells were made into a single-cell
suspensions by gently mashing through a 40 puwm filter (Thermo-
Scientific, Loughborough, UK) and prepared for FACS analysis or
sorting. For the isolation of LP cells, Peyer’s patches and adipose tissues
were removed from the SI, dissected longitudinally to remove faecal
contents, and cut into ~ 2-in segments. Mucus was scraped off before
resuspension in PBS containing 5% fetal bovine serum (FBS) and
25 mm HEPES (Lonza, Slough, UK). The IEL fraction was removed by
incubating the intestines in PBS containing 10% FBS, 15 mm HEPES,
5mm EDTA (Life Technologies, Paisley, UK), and 1 mm dithiothreitol
(Sigma, Gillingham, UK) for 25min at 37 °C. IEL fractions were
discarded through a wide mesh into a beaker. The remaining LP was
incubated in cIMDM (complete Iscove’s modified Dulbecco’s medium
(Gibco, Loughborough, UK) containing 10% FBS, 1 mm EDTA,
100Uml ™" penicillin and 100 pugml ™' streptomycin (Gibco),
8 mum L-glutamine (Gibco), and 0.05 mm 2-mercaptoethanol (Gibco))
containing 0.5mgml ~ ' Liberase TL (Roche, Burgess Hill, UK) and
60 pg ml ! DNAse (Roche) for 25-30 min in a 37 °C shaker. Cells
were layered onto 40% isotonic Percoll (GE Healthcare, Little
Chalfont, UK) to recover leukocytes from digested tissue. Cells were
resuspended in cIMDM and prepared for FACS analysis or sorting. For
cytospins, 200 000 purified cells were fixed onto a slide and stained
with a modified Giemsa stain (Sigma). Cells were identified based on
cell morphology and staining characteristics. Slides were scanned
(60X/1.4 magnification) using an Olympus IX71 inverted microscope
(Olympus, Southend, UK), captured with a Camera QIClick colour
CCD camera (QImaging, Surrey, BC, Canada) and processed using
Image Pro-Plus software (Media Cybernetics, Marlow, UK). and
images were analyzed using Fiji (PMID 22743772) and Photoshop
(Adobe, Maidenhead, UK). For quantitative real-time polymerase
chain reaction, tissue samples were harvested into RNAlater (Life
Technologies). Tissue samples were homogenized in 500 pl Qiazol
using a Precellys Homogenizer (Precellys, Stretton, UK). Two hundred
microliters of chloroform was added and the samples were shaken and
left at room temperature for 10 min. The samples were spun in a table-
top microcentrifuge at a maximum speed for 15 min. Supernatants
were added to EtOH and samples were processed using the RNAeasy
Kit (Qiagen, Manchester, UK) according to the manufacturer’s
instructions and eluted in 30-50 ul RNAse/DNAse-free water. Sort-
purified cells were harvested and stored in RLT lysis buffer (Qiagen) at
— 20 °C. RNA extractions were performed as above. For quantitative
real-time polymerase chain reaction, RNA concentrations were
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quantified using a Nanodrop 1000 (Thermo Scientific). 0.1-1 pg of
RNA was reverse transcribed using the Qiagen Quantitect Reverse
Transcription Kit (Qiagen) according to the manufacturer’s
instructions. cDNA was used for real-time PCR analysis using Power
SYBR Green Master Mix and analyzed using an Applied Biosystems
7900HT Fast Real-Time PCR System (both Applied Biosystems,
Loughborough, UK). Gene expression was normalized to the
housekeeping gene hypoxanthine-guanine phosphoribosyl transferase
and expressed as fold change relative to day 0 or PBS treated for some
experiments (as detailed in the figure legends). Sequences for primers
used are listed in Table 1.

Flow cytometry and FACS. Cell sorting was performed using a FACS
Aria II (BD Biosciences, Oxford, UK). When sorting ILCs from the
MLN or LP, single-cell suspensions were obtained as described above,
centrifuged (1,500 r.p.m. for 5 min) and stained with antibodies made up
in PBS containing 2% FBS. Cells were stained in antibody mix for 25 min
at4 °C, washed, centrifuged (1,500 r.p.m. for 5 min), and resuspended in
phenol-red free cIMDM (Gibco; containing 1% 100 Uml ~ 1 penicillin
and 100 ugml ~ ' streptomycin (Gibco), 8 mum L-glutamine (Gibco), and
0.05mm 2-mercaptoethanol (Gibco)) containing 1% FBS and 1 mwm
EDTA for sorting. Purified fractions were collected into phenol-red free
cIMDM containing 20% FBS. FACS analysis was performed using an
LSR II (BD Biosciences) analyzer. For FACS analysis, single-cell
suspensions were obtained as described above, centrifuged (1,500 r.p.m.
for 5 min) and resuspended in cIMDM. A total of 2-6 x 10° cells were
stained in 100 pl of antibodies made up in PBS containing 2% FBS for
25min at 4°C, washed, centrifuged (1,500r.p.m. for 5min), and
resuspended in PBS containing 2% FBS. Cells were sometimes fixed in
2-4% paraformaldehyde for 20 min at 4 °C for FACS analysis. For all
FACS sorting and analysis, viability of the cells was determined using the
LIVE/DEAD Fixable Blue Kit (Life Technologies). Antibodies used
include: CD4 (RM4-5: PB (eBioscience, Hatfield, UK), APC (BioLegend,
London, UK) and MCD0430: Pacific Orange (Invitrogen, Paisley, UK)),
CD25 (PC61: APCCy7 (BioLegend), PerCPCy5.5 (eBioscience)), CD44
(IM7: PeCy7 (BioLegend), PERCPCy5.5 (eBioscience)), CD45 (30-F11:
APCCy7 (BioLegend), FITC (eBioscience)), CD1lc (N418; APC
(BioLegend)), CD11b (M1/70; APC (BioLegend)), CD3 (145-2Cl11;
APC (BioLegend)), TCRyd (GL3; APC (BioLegend)), TCRaf} (H57-
597: APC (eBioscience), PeCy7 and PerCPCy5.5 (BioLegend)), CD19
(6D5; APC (BioLegend)), NKI.1 (PK136; APC (BioLegend)), CD8
(53-6.7; APC (BioLegend)), Ter119 (TER-119; APC (BioLegend)),
CD49%b (DX5: APC (BioLegend), PB (eBioscience)), Scal (E13-161.7: PB

Table 1 List of the oligonucleotide primer sequences used

Forward (5'-3') Reverse (5'-3')
Hprt GCCCTTGACTATAATGAGTACTTCAGG TTCAACTTGCGCTCATCTTAGG
14 ACGAGGTCACAGGAGAAGGGA AGCCCTACAGACGAGCTCACTC
15 TGACAAGCAATGAGACGATGAGG ACCCCCACGGACAGTTTGATTC
1113 CCTCTGACCCTTAAGGAGCTTAT CGTTGCACAGGGGAGTCTT
Arg1 GGAAAGCCAATGAAGAGCTG GCTTCCAACTGCCAGACTGT
Ym1 CATGAGCAAGACTTGCGTGAC GGTCCAAACTTCCATCCTCCA
Retnla CCCTCCACTGTAACGAAGACTC CACACCCAGTAGCAGTCATCC
Retnlb ATGGGTGTCACTGGATGTGCTT AGCACTGGCAGTGGCAAGTA
22 GTGAGAAGCTAACGTCCATC GTCTACCTCTGGTCTCATGG
I17A ACCCTGGACTCTCCACCGCAA GGCTGCCTGGCGGACAATCG
Rorct GGAGCTCTGCCAGAATGACC CAAGGCTCGAAACAGCTCCAC
Gata3 CGGGTCGGCCAGGCAAGATG AGGGGAXCCTCCCAGCAGGC
2 CTAGGCCACAGAATTGAAAGATCT GTAGGTGGAAATTCTAGCATCATCC
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(eBioscience)), KLRG1 (2F1: PB (eBioscience)), GATA-3 (L50-823,
BV421 (BD Biosciences)), RORyT (Q31-378, PE (BD Pharmingen,
Oxford, UK)), IL-5 (554396: APC (BD Biosciences)), IL-13 (eBiol3A,
FITC (eBioscience)), and huCD2 (S5.5, R-PE (Life Technologies)). ILCs
were FACS purified using the following sorting strategy: Live,
lymphocytes, CD45 7, Lineage™ (CD3, CD4, CD8, CD19, CDllc,
CD11b, NKI1.1, TCRB, TCRY3, Gr-1, CD49b, Terl19), Thyl.2*,
KLRG1™", and Scal *.

Cytokine measurements in supernatant. Cytokine concentrations
were measured in cell culture supernatants using either FlowCytomix
(eBioscience) or LegendPlex Mouse Th1/Th2 Panel (BioLegend) flow
cytometry multianalyte detection system for IL-4, IL-2,IL-5,and IL-13
as per the manufacturer’s instructions.

T-cell differentiation assay. Lin Thyl.2"KLRGI1 *Scal ¥ ILC2s
were sort purified from the LP or MLN as described above. Cells were
counted, centrifuged (1,500 r.p.m. for 5min), and resuspended at a
final concentration of 5x 10* cells per 50l depending on the
experiment. Cells were cultured in cIMDM containing 0.05 mgml ~ '
PMA (Promega, Southampton, UK) and 0.1 mgml ' ionomycin
(Sigma) for 24 h. For some experiments, cultures were centrifuged after
3 h and the supernatant containing PMA and ionomycin was replaced
with fresh cIMDM for the remaining 21 h. Supernatants were har-
vested 24 h poststimulation and stored at — 20 °C. Naive T cells were
FACS purified as CD4 " TCRB * Foxp3-RFP T14-GFP"CD25 CD44°"
cells from naive reporter mice. FACS-purified cells were resuspended
in cIMDM at a concentration of 1 x 10®/ml. A total of 1 x 10° naive T
cells were plated onto tissue-culture-treated flat-bottom 96-well plates
coated with CD3 (1pgml~ ') and CD28 (10 ugml ') antibody at
37 °C for 2-3h. Cells were pelleted and resuspended in 50 pl ILC2-
derived supernatant with and without the addition of 10 ug ml ~ ' anti-
IL-4 antibody (BioXcell).

Statistical analysis. Data sets were compared by Mann-Whitney test
using GraphPad Prism 5 (LaJolla, CA). Differences were considered
significant at P<0.05.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper
at http://www.nature.com/mi

ACKNOWLEDGMENTS

We are grateful to Gitta Stockinger for critically reading the manuscript. We
are indebted to The Francis Crick Institute Flow Cytometry facility, and in
particular Bhavik Patel, Graham Preece, Wayne Turnbull, and Phil Hobson
for the provision of cell sorting services in the production of this work. We
are indebted to The Francis Crick Institute Procedural Service Section for
the production of GA lines and Biological Services, especially Trisha
Norton, Keith Williams, and Adebambo Adekoya for animal husbandry and
technical support; to Radma Mahmood and Radika Anand for help with
histology; to Jimena Perez-Lloret and Riccardo Guidi for constructive
discussions and technical assistance. Finally, we thank the members of the
Stockinger laboratory, especially Jan-Eric Turner, Christoph Wilhelm, and
Peter J. Morrison who provided reagents and technical advice throughout
these studies. This work was supported by the Francis Crick Institute (grant
number FCIO1) which receives its core funding from Cancer Research UK,
the UK Medical Research Council (MC_UP_A253_1028), and the Wellcome
Trust.

DISCLOSURE
The authors declared no conflict of interest.

Official journal of the Society for Mucosal Immunology

REFERENCES
1. Pullan, R.L., Smith, J.L., Jasrasaria, R. & Brooker, S.J. Global numbers of
infection and disease burden of soil transmitted helminth infections in 2010.
Parasit. Vectors 7, 37 (2014).

1416

20.

21.

22.

283.

24.

25.

. Urban, J.F. Jr., Katona, I.M., Paul, W.E. & Finkelman, F.D. Interleukin 4 is

importantin protective immunity to a gastrointestinal nematode infection in
mice. Proc. Natl. Acad. Sci. USA 88, 5513-5517 (1991).

. Zaiss, M.M., Maslowski, K.M., Mosconi, I., Guenat, N., Marsland, B.J. &

Harris, N.L. IL-1beta suppresses innate IL-25 and IL-33 production and
maintains helminth chronicity. PLoS Pathog. 9, e1003531 (2013).

. Perona-Wright, G., Mohrs, K., Mayer, K.D. & Mohrs, M. Differential

regulation of IL-4Ralpha expression by antigen versus cytokine stimulation
characterizes Th2 progression in vivo. J. Immunol. 184, 615-623 (2010).

. Min, B. et al. Basophils produce IL-4 and accumulate in tissues

after infection with a Th2-inducing parasite. J. Exp. Med. 200, 507—-
517 (2004).

. Urban, J.F. Jr. et al. IL-13, IL-4Ralpha, and Stat6 are required for the

expulsion of the gastrointestinal nematode parasite Nippostrongylus
brasiliensis. Immunity 8, 255-264 (1998).

. Mohrs, K., Wakil, A.E., Killeen, N., Locksley, R.M. & Mohrs, M. A two-step

process for cytokine production revealed by IL-4 dual-reporter mice.
Immunity 23, 419-429 (2005).

. Smith, K.A., Harcus, Y., Garbi, N., Hammerling, G.J., MacDonald, A.S. &

Maizels, R.M. Type 2 innate immunity in helminth infection is induced
redundantly and acts autonomously following CD11c(+) cell depletion.
Infect. Immun. 80, 3481-3489 (2012).

. Moro, K. et al. Innate production of T(H)2 cytokines by adipose tissue-

associated c-Kit(+)Sca-1(+) lymphoid cells. Nature 463, 540-544
(2010).

. Neill, D.R. et al. Nuocytes represent a new innate effector leukocyte that

mediates type-2 immunity. Nature 464, 1367-1370 (2010).

. Oliphant, C.J. et al. MHCII-mediated dialog between group 2 innate

lymphoid cells and CD4(+) T cells potentiates type 2 immunity and
promotes parasitic helminth expulsion. Immunity 41, 283-295 (2014).

. Molofsky, A.B. et al. Innate lymphoid type 2 cells sustain visceral adipose

tissue eosinophils and alternatively activated macrophages. J. Exp. Med.
210, 535-549 (2013).

. Nussbaum, J.C. et al. Type 2 innate lymphoid cells control eosinophil

homeostasis. Nature 502, 245-248 (2013).

. Monticelli, L.A. et al. Innate lymphoid cells promote lung-tissue homeo-

stasis after infection with influenza virus. Nat. Immunol. 12, 1045-1054
(2011).

. Hams, E., Locksley, R.M., McKenzie, A.N. & Fallon, P.G. Cutting edge:

IL-25 elicits innate lymphoid type 2 and type Il NKT cells that regulate
obesity in mice. J. Immunol. 191, 5349-5353 (2013).

. Fallon, P.G. et al. Identification of an interleukin (IL)-25-dependent cell

population that provides IL-4, IL-5, and IL-13 at the onset of helminth
expulsion. J. Exp. Med. 203, 1105-1116 (2006).

. Doherty, T.A., Khorram, N., Lund, S., Mehta, A.K., Croft, M. & Broide, D.H.

Lung type 2 innate lymphoid cells express cysteinyl leukotriene receptor 1,
which regulates TH2 cytokine production. J. Allergy Clin. Immunol. 132,
205-213 (2013).

. Mackley, E.C. et al. CCR7-dependent trafficking of RORgamma(+) ILCs

creates a unique microenvironment within mucosal draining lymph nodes.
Nat. Commun. 6, 5862 (2015).

. Filbey, K.J. et al. Innate and adaptive type 2 immune cell responses in

genetically controlled resistance to intestinal helminth infection. Immunol.
Cell Biol. 92, 436-448 (2014).

Hoyler, T. et al. The transcription factor GATA-3 controls cell fate and
maintenance of type 2 innate lymphoid cells. Immunity 37, 634-648 (2012).
Mirchandani, A.S. et al. Type 2 innate lymphoid cells drive CD4 ™ Th2 cell
responses. J. Immunol. 192, 2442-2448 (2014).

Halim, T.Y. et al. Group 2 innate lymphoid cells are critical for the initiation of
adaptive T helper 2 cell-mediated allergic lung inflammation. Immunity 40,
425-435 (2014).

Yamane, H., Zhu, J. & Paul, W.E. Independent roles for IL-2 and GATA-3in
stimulating naive CD4+ T cells to generate a Th2-inducing cytokine
environment. J. Exp. Med. 202, 793-804 (2005).

Swain, S.L., Weinberg, A.D., English, M. & Huston, G. IL-4 directs the
development of Th2-like helper effectors. J. Immunol. 145, 3796-3806
(1990).

Kim, S. et al. IL-4 derived from non-T cells induces basophil- and
IL-3-independent Th2 immune responses. Immune Netw. 13, 249-256
(2013).

VOLUME 9 NUMBER 6 | NOVEMBER 2016 | www.nature.com/mi


http://www.nature.com/mi
http://www.nature.com/mi

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Urban, J.F. Jr., Maliszewski, C.R., Madden, K.B., Katona, .M. & Finkelman,
F.D. IL-4 treatment can cure established gastrointestinal nematode
infections in immunocompetent and immunodeficient mice. J. Immunol.
154, 4675-4684 (1995).

Herbert, D.R. et al. Intestinal epithelial cell secretion of RELM-beta protects
against gastrointestinal worm infection. J. Exp. Med. 206, 2947-2957
(2009).

Van Gool, F. et al. Interleukin-5-producing group 2 innate lymphoid
cells control eosinophilia induced by interleukin-2 therapy. Blood 124,
3572-3576 (2014).

Roediger, B. et al. Cutaneous immunosurveillance and regulation of
inflammation by group 2 innate lymphoid cells. Nat. Immunol. 14, 564-573
(2013).

Buentke, E., Mathiot, A., Tolaini, M., DiSanto, J., Zamoyska, R. & Seddon, B.
Do CD8 effector cells need IL-7R expression to become resting memory
cells? Blood 108, 1949-1956 (2006).

Wong, S.H. et al. Transcription factor RORalpha is critical for nuocyte
development. Nat. Immunol. 13, 229-236 (2012).

Kim, B.S. et al. Basophils promote innate lymphoid cell responses in
inflamed skin. J. Immunol. 193, 3717-3725 (2014).

Kopf, M., Le Gros, G., Bachmann, M., Lamers, M.C., Bluethmann, H. &
Kohler, G. Disruption of the murine IL-4 gene blocks Th2 cytokine
responses. Nature 362, 245-248 (1993).

Motomura, Y. et al. Basophil-derived interleukin-4 controls the function of
natural helper cells, a member of ILC2s, in lung inflammation. Immunity 40,
758-771 (2014).

Enoksson, M., Lyberg, K., Moller-Westerberg, C., Fallon, P.G., Nilsson, G.
& Lunderius-Andersson, C. Mast cells as sensors of cell injury through IL-
33 recognition. J. Immunol. 186, 2523-2528 (2011).

Lemanske, R.F. Jr., Atkins, FM. & Metcalfe, D.D. Gastrointes-
tinal mast cells in health and disease. Part I. J. Pediatr. 103, 177-184
(1983).

Hepworth, M.R. et al. Mast cells orchestrate type 2 immunity to helminths
through regulation of tissue-derived cytokines. Proc. Natl. Acad. Sci. USA
109, 6644-6649 (2012).

Russi, A.E., Walker-Caulfield, M.E., Ebel, M.E. & Brown, M.A.
Cutting edge: c-Kit signaling differentially regulates type 2 innate
lymphoid cell accumulation and susceptibility to central nervous system
demyelination in male and female SJL mice. J. Immunol. 194, 5609-5613
(2015).

MucosallImmunology | VOLUME 9 NUMBER 6 | NOVEMBER 2016

39.

40.

41.
42.

43.

44,

45.

46.

47.

ARTICLES

Wilhelm, C. et al. An IL-9 fate reporter demonstrates the induction of an
innate IL-9 response in lung inflammation. Nat. Immunol. 12, 1071-1077
(2011).

Cote-Sierra, J. et al. Interleukin 2 plays a central role in Th2 differentiation.
Proc. Natl. Acad. Sci. USA 101, 3880-3885 (2004).

Anthony, R.M. et al. Memory T(H)2 cells induce alternatively activated
macrophages to mediate protection against nematode parasites.
Nat. Med. 12, 955-960 (2006).

Shea-Donohue, T. et al. The role of IL-4 in Heligmosomoides polygyrus-
induced alterations in murine intestinal epithelial cell function. J. Immunol.
167, 2234-2239 (2001).

Cook, PC., Jones, L.H., Jenkins, S.J., Wynn, TA. Alen, JE. &
MacDonald, A.S. Alternatively activated dendritic cells regulate CD4 +
T-cell polarization in vitro and in vivo. Proc. Natl. Acad. Sci. USA 109,
9977-9982 (2012).

Besnard, A.G. et al. IL-33-mediated protection against experimental
cerebral malaria is linked to induction of type 2 innate lymphoid cells, M2
macrophages and regulatory T cells. PLoS Pathog. 11, 1004607 (2015).
Nausch, N., Appleby, L.J., Sparks, A.M., Midzi, N., Mduluza, T. & Mutapi, F.
Group 2 innate lymphoid cell proportions are diminished in young helminth
infected children and restored by curative anti-helminthic treatment.
PL0S Negl. Trop. Dis. 9, e0003627 (2015).

Mijosberg, J. et al. The transcription factor GATAS is essential for the
function of human type 2 innate lymphoid cells. Immunity 37, 649-659
(2012).

Wan, Y.S.Y. & Flavell, R.A. Identifying Foxp3-expressing suppressor T cells
with a bicistronic reporter. Proc. Natl. Acad. Sci. USA 102, 5126-5131
(2005).

This work is licensed under a Creative Commons
Attribution 4.0 International License. Theimages or

otherthird partymaterialinthisarticleareincludedinthearticle’s
Creative Commons license, unless indicated otherwise in the
credit line; if the material is not included under the Creative
Commons license, users will need to obtain permission from the
license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

1417


http://creativecommons.org/licenses/by/4.0/

	IL-4-producing ILC2s are required for the differentiation of TH2 cells following Heligmosomoides polygyrus infection
	Introduction
	Results
	Development of type-2 responses following H. polygyrus infection correlates with the expansion of ILC2s in the local lymph node and SI
	H. polygyrus-elicited ILC2s secrete IL-2 and IL-4, supporting TH2 cell differentiation in vitro
	IL-2-expanded ILC2s provide partial immunity to H. polygyrus
	ILC2s are required for TH2 differentiation in vivo, with ILC2-derived IL-4 contributing significantly to ILC2 expansion and TH2 differentiation following H. polygyrus infection

	Discussion
	Methods
	Acknowledgements
	Note
	References




