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Summary

Allergic asthma is caused by Th2 cell-type cytokines in response to allergen exposure. Type 2
innate lymphoid cells (ILC2s) are a newly identified subset of immune cells that besides Th2 cells
contribute to the pathogenesis of asthma by producing copious amount of IL-5 and IL-13 which
cause eosinophilia and airway hyperreactivity (AHR), a cardinal feature of asthma. ILC2s express
ICOS, a T cell costimulatory molecule, with currently unknown function. Here we showed that
lack of ICOS on murine ILC2s and blocking ICOS:ICOS-Ligand interaction in human ILC2s,
reduced AHR and lung inflammation. ILC2s expressed both ICOS and ICOS-Ligand and the
ICOS:ICOS-Ligand interaction promoted cytokine production and survival in ILC2s through
STATS5 signaling. Thus, ICOS:1COS-Ligand signaling pathway is critically involved in ILC2
function and homeostasis.
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Introduction

Allergic asthma is a chronic inflammatory disease of the airways that is initiated by Th2
cell-type cytokines including IL-5 and IL-13. IL-5 plays an important role in the activation
and recruitment of eosinophils to the airways and IL-13 increases goblet cell hyperplasia,
mucus production and the sensitivity of airway smooth muscle cells to stimuli and leads to
airway hyperreactivity (AHR), a cardinal feature of asthma. Besides Th2 cells, type 2 innate
lymphoid cells (ILC2s) can rapidly produce large amounts of Th2 cytokines (Hazenberg and
Spits, 2014; Walker et al., 2013) and therefore play an important role in the pathogenesis of
asthma.

ILC2s have been discovered as the source of IL-5 and IL-13 production in alymphoid
recombination activating gene (RAG) deficient mice, can be activated by I1L-25, IL-33,
Thymic stromal lymphopoietin (TSLP) and fungal allergens such as Alternaria, contribute
to the pathogenesis of asthma and play a role in maintaining airway epithelial integrity
through the production of amphiregulin (Barlow et al., 2012; Barlow et al., 2013; Bartemes
etal., 2012; Bartemes et al., 2014; Chang et al., 2011; Fallon et al., 2006; Mjosberg et al.,
2011; Monticelli et al., 2011; Moro et al., 2010; Neill et al., 2010; Teunissen et al., 2014).
ILC2s lack the expression of the markers that are associated with previously identified
immune lineages but express CD45, CD90, cytokine receptors IL2Ra, IL-7Ra, IL-33R, c-
Kit (mouse) and CRTH2 and CD161 (human) (Barlow et al., 2012; Bartemes et al., 2012;
Chang et al., 2011; Fallon et al., 2006; Mjosberg et al., 2011; Monticelli et al., 2011; Moro
et al., 2010; Neill et al., 2010). ILC2s do not express RAG and unlike T or B cells actin a
non-antigen specific manner, however they express Inducible T-cell COStimulator (ICOS)
that is an important costimulatory molecule in T cells (Bartemes et al., 2012; Halim et al.,
2014; Hutloff et al., 1999; McAdam et al., 2001).

ICOS is related to the CD28 superfamily and is highly expressed on activated T cells
(Hutloff et al., 1999) as well as regulatory T cells and is crucial for the survival and function
of T cells, Th2 cell differentiation and for lung inflammatory responses (Coyle et al., 2000;
Dong et al., 2001; Gonzalo et al., 2001; McAdam et al., 2000; Nurieva et al., 2003). Binding
ICOS to ICOS-Ligand (ICOS-L) activates a cascade of intracellular signaling molecules that
prevent apoptosis and lead to the production of cytokines such as IL-4 and IL-13 (Coyle et
al., 2000; Dong et al., 2001). To date, ICOS-L has been reported to be expressed by B cells,
non-lymphoid and lung epithelial cells but not by T cells or innate lymphoid cells (Qian et
al., 2006; Swallow et al., 1999; Watanabe et al., 2008) and is down-regulated upon binding
to ICOS as an immunoregulatory mechanism (Watanabe et al., 2008). The functional
requirement of ICOS for the function and survival of ILC2 remains to be elucidated.

In this study we evaluated the functional requirement for ICOS and its interaction with
ICOS-L in cytokine production and homeostasis of murine and human ILC2s. We found, for
the first time, that human and murine ILC2s express both ICOS and ICOS-L. Using gene
deficient and humanized mice, we discovered that the ICOS:1ICOS-L interaction is crucial
for the function and homeostatic survival of ILC2s. We further showed that lack of the
ICOS:ICOS-L interaction alters the activation of transcription factor STATS5. Our findings
provide new insight into the mechanisms of induction of allergic asthma that could

Immunity. Author manuscript; available in PMC 2016 March 17.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maazi et al. Page 3

ultimately be used in new therapeutic approaches that target the ICOS:1COS-L pathway in
ILCs.

Results

ICOS deficient mice show reduced IL-33 induced AHR, inflammation and ILC2s

We first addressed whether the expression of ICOS is required for the function of ILC2s by
comparing IL-33 induced AHR and airway inflammation in Icos™/~ mice with wild type
(WT) BALB/c mice. Mice received (intranasal) i.n. of either 1L-33 (0.5 pg in 50 pl per
mouse) or PBS (50 ul per mouse) on three consecutive days. One day after the last i.n.
challenge, lung function was measured by direct measurement of lung resistance and
dynamic compliance in anesthetized tracheostomized mice using the FinePointe RC system
(Buxco Research Systems), followed by analyzing bronchial alveolar lavage (BAL) and
taking lung tissue samples. As expected, i.n. administration of 1L-33 significantly increased
lung resistance in WT and Icos~/~ mice (Figure 1A), however, lung resistance in 1L-33-
treated Icos™~ mice was significantly lower than IL-33-treated WT mice (Figure 1A),
indicating that ICOS is required for IL-33-induced AHR. In agreement with lung resistance,
results of dynamic compliance showed improved response in 1L-33 treated lcos™~
compared to IL-33 treated WT mice while they showed significantly lower dynamic
compliance compared to their PBS-treated counterparts (Figure 1B). IL-33 treatment
significantly increased the number of eosinophils in the BAL of WT and Icos™~ mice,
although the number of eosinophils in the BAL was reduced in 1L-33 treated lcos™~
compared to WT mice, indicating that 1L-33 induced inflammation is impaired in the
absence of ICOS (Figure 1C-D).

IL-33 treatment significantly increased the total number of ILC2s in WT and in Icos™~ mice
but the number of ILC2s was lower in Icos™~ mice compared to WT controls in PBS and in
IL-33 treated groups (Figure 1E-F). We also quantified the frequency of ILC2s in the bone
marrow, small intestine and colon and found that similar to the lungs, the frequency of
ILC2s was significantly lower in the aforementioned organs in Icos™~ compared to WT
mice (Supplementary figure 1). These results suggest that ICOS is important for the function
and homeostasis of ILC2s.

Lack of ICOS increases cell death in ILC2s

Since we found that the number of ILC2 is lower in Icos™~ mice, we investigated whether
lack of 1COS affects the survival, proliferation or migration capacities of ILC2s. Icos™~ and
WT mice were i.n. challenged with rm-IL-33 (0.5 pg/mouse) and after 24 hours ILC2s were
stained with dead cell discrimination dye, and Annexin V for analyzing cell death and
apoptosis. The number of dead cells was significantly increased in PBS-treated Icos™~ mice
compare to PBS-treated WT mice (Figure 2A-B). Similarly, the number of dead ILC2s after
IL-33-administration was higher in Icos™~ than in WT mice (Figure 2A-B) whereas, the
number of early apoptotic and late apoptotic ILC2s was similar in both strains with the same
treatments. We further analyzed the expression of anti-apoptotic factor BCL-2 and found
that upon stimulation by 1L-33, the expression of BCL-2 in WT ILC2s was significantly
increased (Figure 2C). Interestingly, the expression of BCL-2 was significantly lower in
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Icos™~ than in WT ILC2s (Figure 2C). To evaluate whether lack of ICOS affects the
proliferation rate of ILC2s we examined the expression of Ki-67 in WT and lcos™~ ILC2s.
There was no significant difference between the expression level of Ki-67 in Icos™~ and
WT ILC2s in PBS or IL-33 treated mice (Figure 2D). These data suggest that lack of ICOS
impairs the survival of ILC2s rather than their proliferation.

Since reduced number of ILC2s in the absence of ICOS may be caused by altered migratory
behavior of ILC2s we analyzed the expression of chemokine receptors, CCR3, CCR4,
CXCR4, CCR6 and CCR?7 and adhesion molecules ICAM-1, ICAM-II and Integrin $7 in
Icos™~ and WT ILC2s in steady state and after IL-33 stimulation (Supplementary Figure
2A). We found that in steady state Icos™~ ILC2s seem to express higher level of ICAM-II
and modestly lower level of CXCR4 than WT ILC2s. After IL-33 stimulation lcos™~ ILC2s
show a modest increase in Integrin 7 and in CCR7 expression (Supplementary Figure 2A).

Lack of ICOS impairs cytokine production by ILC2s

We next examined whether ICOS is required for the functional production of cytokines by
ILC2s by intracellular measurement of cytokines 24 hours after i.n. rm-1L33 administration
and by measurement of cytokines in the supernatant of in vitro cultures of purified ILC2s for
24 and 48 hours. For intracellular staining fixable dead cell discrimination dye was used to
assess the cytokine production specifically in live ILC2s. Intracellular cytokine staining data
show that production of 1L-13 by ILC2s was lower in lcos™~ than WT mice, whereas there
was no difference in the production of IL-5 between lcos™~ and WT mice (Figure 2E-F).
We did not detect significant production of IL-4 or IL-17a by ILC2s. Interestingly, we
observed that the amount of IL-5 and IL-13 in the supernatant of in vitro cultured purified
ILC2s was significantly lower in Icos™~ ILC2s than WT ILC2s after 24 and 48 hours of
culture (Figure 2G). Taken together, these data suggest that while production of IL-13 is
directly affected by lack of ICOS, IL-5 production in Icos™~ is also ultimately lower due to
the lower number of viable ILC2s in these mice.

Since we found that survival of ILC2s is reduced in the absence of ICOS we next
investigated whether the expression of the receptors that might mediate the survival of
ILC2s are altered in Icos™~ mice. We evaluated the expression of CD25, CD127, ST2 and
CD117 in ILC2s in Icos™~ and WT mice in the steady state (PBS treated) and after
stimulation with 1L-33. To confirm the phenotype of Icos™~ mice, the level of ICOS was
also evaluated in both strains. Although there was no significant difference between the
expression of CD127, ST2 and CD117, the expression of CD25 was increased in lcos ™'~
mice suggesting an altered sensitivity to IL-2 in the absence of ICOS (Supplementary figure
2B).

Lack of ICOS impairs STATS activation

Since we observed that the level of IL-2Ra is increased in ILC2s from Icos™/~ mice, we
compared the sensitivity of wild type and Icos™~ ILC2s to IL-2 by testing the
phosphorylation of STATS5 in response to IL-2 stimulation in ILC2s. Icos™~ and WT mice
were challenged i.n. by either rm-1L-33 (0.5 pg/mouse) or PBS. After 24h lung single cells
were stimulated with recombinant murine IL2 (100ng/ml) for 30 minutes then ILC2s were
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analyzed for the expression of phosphoSTATS. The amount of phosphoSTATS5 in ILC2s
from PBS treated WT and Icos~/~ mice was similar, 1L-33 treated Icos™~ ILC2s show a
significantly lower amount of phosphoSTAT5 compared to WT mice (Figure 2H). These
results suggest a reduced sensitivity to IL-2 signaling despite higher expression of IL-2Ra in
lcos™~ ILC2s.

Next we evaluated the expression of the transcription factor GATA binding protein-3
(GATA-3), which has been associated with development and maintenance of ILC2s (Hoyler
et al., 2012; Klein Wolterink et al., 2013). We administered either rm-1L-33 (0.5 pg/mouse)
or PBS i.n. to Icos™~ or WT mice and analyzed the expression of GATA-3 in ILC2s after
24 hours. There was no difference in the expression of GATA-3 in ILC2s between lcos ™~
and WT in either IL-33 or PBS treatments (Figure 21). These results suggest that the
GATA-3 pathway in ILC2s is not affected by the lack of ICOS.

To further investigate the mechanism of reduced cell survival and impaired cytokine
production in Icos™~ ILC2s we analyzed the gene expression profile of naive and IL-33
stimulated WT and Icos™~ ILC2s using Nanostring® technology as described in
experimental procedure. Nanostring nCounter allows direct measurement of the abundance
of transcripts (Schmitt et al., 2014). The evaluated genes are categorized and shown in 3
panels. 1) genes that are mainly involved in IL-2/IL-7 signaling pathway, I1) genes that are
involved in 1L-33/1L-25 signaling pathway and I11) transcription factors (Figure 2J). As
demonstrated in IL-2/IL-7 signaling pathway panel, the expression of STAT5b, STAT5a,
NFATc2 was reduced in naive lcos™~ ILC2s while this reduction is less pronounced after
IL-33 stimulation. Given the implication of STAT5 and NFATc2 for cell survival and that
we found phosphorylation of STATS is reduced in the absence of 1COS this finding may
explain the reduced number and higher rate of death in Icos™~ ILC2s in steady state. The
expression of IL-2Ra gene seems to be reduced in steady state and after 1L-33 stimulation in
Icos ™~ 1LC2s while we found the increased expression by flow cytometry. This seemingly
conflicting findings may suggest a difference in translation rate of IL-2Ra between lcos™~
and WT ILC2s since protein amount is measured by flow cytometry whereas Nanostring
analyzes gene expression. The expression of IL-2Rp seems to be increased in steady state in
Icos™~ ILC2. The most notable differences in IL-33/IL-25 signaling were increased 1L-33R
in steady state and decreased IL-17RB receptor gene expression and a modest decrease in
JAK?2 signaling in naive and IL-33 stimulated states (Figure 2J, middle panel). In the
transcription factor panel, gene expression of GATA-3 seemed to be increased in Icos™~
ILC2 while 1d2 expression was decreased in steady state. However, we did not find a
significant difference in GATA-3 protein level by flow cytometry. Thus, lack of ICOS
affects mainly IL-2 signaling pathway.

Adoptively transferred Icos™~ ILC2s fail to induce AHR in alymphatic hosts

To confirm our findings and to eliminate the effect of bystander cells including T cells
subsets which can express I1L-33 receptor (Kim et al., 2012; Lohning et al., 1998), we first
transferred purified 1LC2s (1.5 x 104/mouse) from Icos™~ or WT mice into
Rag2~/~112rg~~ mice followed by i.n. administration of either IL-33 (0.5 pg/mouse) or PBS
on 3 consecutive days and evaluation of lung function and inflammation a day after the last
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i.n. treatment (Supplementary figure 3A). I.n. IL-33 administration leads to significantly
increased lung resistance and inflammation and decreased lung compliance in the recipients
of WT ILC2s but not in the recipients of Icos™~ ILC2s (Supplementary Figure 3B-D).
Lung resistance and dynamic compliance are significantly lower in 1L-33 treated recipients
of Icos™~ ILC2s compare to recipients of WT-ILC2s (Supplementary Figure 3B-D). The
number of ILC2s in the lungs of recipients of Icos™~ ILC2s was significantly lower than the
recipients of WT ILC2s (Supplementary Figure 3E).

To exclude the effects of host and further address the role of bystander T cells in the
observed phenotype of Icos™~ ILC2s, we transferred either purified WT ILC2s (WT ILC2
group, 1.5 x 10%/mouse) combined with Icos™~ CD4* T cells (3 x 108 cells/mouse) or
Icos™/~ ILC2s (Icos™'~ group, 1.5 x 10%/mouse) combined with WT CD4* T cells (3 x 10°
cells/mouse) into alymphoid mice. Similar to the aforementioned experiment upon adoptive
cell transfer, mice received 3 i.n. administration of IL-33 on consecutive days followed by
dissection one day after the last i.n. treatment (Figure 3A). As expected IL-33 treatment lead
to a significant increase in lung resistance, inflammation and eosinophil count in BAL of
WT ILC2 recipient group but not in Icos™~ ILC2 recipient group (Figure 3B, D-E). Lung
dynamic compliance shows a significant decline in basal level after IL-33 administration
with no further decrease in WT ILC2 recipient group (Figure 3C). The number of ILC2s in
the lungs and all other measured parameters was significantly lower in Icos™~ ILC2s
recipients compared to WT ILC2 recipient group after i.n. IL-33 administration (Figure 3B-
F). Taken together, these data indicate that expression of ICOS by ILC2s is required for the
function and survival of ILC2s in vivo.

Blocking ICOS in RAG2~/~ mice hinders IL-33-induced AHR and lung inflammation

Next we examined whether blocking ICOS-1COS-L binding leads to the same results as we
observed in Icos™~ mice. We examined the effects of anti-ICOS blocking antibody on IL-33
induced AHR and lung inflammation in Rag2~/~ mice that lack mature B and T cells.
Rag2~/~ mice received either anti-ICOS (500 pg/mouse, clone: 7E.17G9) or Rat 1gG2b
(isotype matched control) intraperitoneally on day 1 and each group also received i.n. either
IL-33 (0.5 pg/mouse) or PBS on day 1-3 followed by measurement of lung function and
sample acquisition on day 4 (Figure 4A). Lung function data shows that IL-33 i.n. increases
lung resistance (Figure 4B) and decreases dynamic compliance (Figure 4C) in WT mice. In
contrast, lung resistance in 1L-33 treated mice that received anti-ICOS was significantly
lower and dynamic compliance higher than in IL-33 treated isotype control receiving mice
(Figure 4B-C). Lung histology showed that 1L-33 treatment led to thickening of epithelium
and increased inflammatory cells in isotype control but not anti-ICOS treated mice (Figure
4D). Similarly, the number of eosinophils in BAL was significantly higher in IL-33 treated
than in PBS treated mice, but significantly lower in anti-1COS treated than isotype treated
mice (Figure 4E). Anti-ICOS antibody significantly reduced the number and frequency of
ILCs compared to isotype control (Figure 4F-G). We also analyzed the cytokine production
in ILC2s by intracellular staining and found that anti-ICOS administration significantly
reduced the production of IL-13 but not IL-5 than isotype control (Figure 4H-I). These
results indicate that binding of ICOS to ICOS-L is required for efficient function in ILC2s.
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ICOS is required for the induction of allergen-induced AHR and lung inflammation

We next investigated whether ICOS on ILC2s is required for the induction of AHR and lung
inflammation induced by a clinically relevant allergen. Rag2~/~ mice received i.p. either
anti-1ICOS or Rat 1gG2b on day 1 and i.n. extract of Alternaria alternata (100 pg/mouse) on
day 1-4 followed by measurement of lung function and sample withdrawal on day 5 (Figure
5A). As shown in figure 5B—C administration of Alternaria induced AHR, as evident by
increased lung resistance and decreased dynamic compliance, only in isotype treated but not
anti-1COS treated mice (P<0.05 at dose 40). Lung histology showed an increased in
thickening of the epithelium and increased number of inflammatory cells in Alternaria-
treated isotype receiving but not anti-ICOS receiving mice (Figure 5D). The number of
eosinophils was increase in the BAL of Alternaria treated WT mice but it was lower in anti-
ICOS treated than in isotype treated mice (Figure 5E). In addition, the total number of ILC2s
was significantly lower in anti-ICOS receiving than in isotype receiving mice (Figure 5F).
These results suggest that ICOS plays an important role in the function of ILC2 in response
to clinically relevant allergens.

ILC2s express functional ICOS-L

Next, we examined whether ILC2s express ICOS-L. We administered rm-1L33 (0.5 pg/
mouse) or PBS i.n. to WT and lcos™~ mice and analyzed ILC2s for the expression of ICOS-
L by flow cytometry after 24 hours. Whereas WT ILC2s expressed low amounts of ICOS-L,
Icos™~ ILC2s expressed high amounts of ICOS-L in both PBS and IL-33 treated mice
(Figure 6A-B). Since it has been shown that ICOS-L is down-regulated in APCs upon
binding to ICOS (Watanabe et al., 2008), we hypothesized that ICOS-L is down-regulated in
WT ILC2s upon binding to ICOS. To test our hypothesis we cultured ILC2s from PBS and
IL-33 treated mice in the presence of anti-1ICOS (10 pg/ml,) or Rat 1gG2b (10 pg/ml) for 24
hours. We found that while a low level of ICOS-L expression could be detected in cultured
ILC2s in the presence of isotype control, the expression of ICOS-L was significantly
increased in cultured ILC2s in the presence of anti-1ICOS antibody (Figure 6C-D).

To confirm the functionality of ICOS-L in ILC2s we evaluated phosphoSTAT5 and
production of IL-13 by purified cultured ILC2s in the presence of plate bound mouse ICOS-
L-1gG (5pg/ml) fusion protein or plate bound human-1gG (isotype control). The culture
media was supplemented with rm-IL2 (100 ng/ml), rm-1L-33 (100 ng/ml) and IL-7 (20 ng/
ml). PhosphoSTATS5 was increased in the presence of ICOS-L-IgG as compared to isotype
control (Figure 6E). Moreover, purified ILC2s produce a significantly higher amount of
IL-13 in the presence of ICOS-L-IgG than in the presence of isotype control while 1L-13
production is dramatically reduced in the presence of anti-ICOS-L mAb (Figure 6F).

To address whether ICOS: ICOS-L interaction is cis or trans we co-cultured lcos™~ ILC2s
with WT ILC2s in the presence of anti-ICOS blocking or isotype-matched antibodies. Since
ICOS-L is down-regulated upon interaction with ICOS we used ICOS-L expression as an
indication of ICOS:ICOS-L binding. We found that ICOS-L expression in the presence of
anti-1COS blocking antibody is lower than that of isotype-matched control suggesting that
trans interaction occurs. Moreover, the readily lower level of ICOS-L expression in WT
ILC2s than in Icos™~ ILC2s may suggest cis transaction as well (Supplementary figure 4).
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We next addressed whether ICOS:1COS-L binding leads to increased BCL2 expression and
ILC2s survival by testing the stimulatory effects of exogenous plate bound ICOS-L-1gG on
ILC2s in vitro. As shown in figure 6A, ICOS-L-IgG stimulation leads to increased
expression of BCL2 and enhanced survival of WT ILC2s. These data show that ILC2s
express ICOS-L in addition ICOS and that expression of ICOS-L plays a functional role in
ILC2s cytokine production and survival.

Human peripheral ILC2s express functional ICOS and ICOS-L

We next investigated whether human ILC2s express ICOS and ICOS-L and whether ICOS
and ICOS-L play a crucial role in the function of human ILC2s. Peripheral blood from
healthy donors was collected and gated for ILC2s based on the lack of expression of human
lineage markers (CD3, CD14, CD16, CD19, CD20, CD56, CD235a, CD1a, CD123) and
expression of CD45, CRTH2, CD127 and CD161 (Figure 7A), and then analyzed for the
expression of ICOS and ICOS-L (Figure 7B-C, left panels). Alternatively, human
peripheral blood mononuclear cells (PBMCs) were cultured in the presence of recombinant
human (rh)-IL-2 (20 ng/ml), rh-IL-7 (20 ng/ml) in the presence or absence of rh-1L-33 (20
ng/ml) for 24 hours and expression of ICOS and ICOS-L was evaluated by flow cytometry
(Figure 7B—-C, right panels). We found that ICOS is expressed by human peripheral ILC2s
at steady state and its expression is increased upon in vitro culture with 1L-2 and IL-7, while
IL-33 stimulation does not affect the expression of ICOS by human ILC2s (Figure 7B).
Similar to mouse ILC2s, we found that human peripheral ILC2s express ICOS-L at a low
basal level that is modestly increased after in vitro stimulation by IL-2 and IL-7, while it is
modestly decreased by IL-33 (Figure 7C).

To evaluate the functional requirement of ICOS-1COS-L binding for cytokine production by
human ILC2s, we purified ILC2s from PBMCs and cultured in the presence of (rh)-IL-2 (20
ng/ml), rh-1L-7 (20 ng/ml) and rh-1L-33 (20 ng/ml) in the presence of blocking anti-human-
ICOS-L antibody (10 pg/ml, clone: 9F.8A4) or isotype control for 72 hours followed by
measurement of 1L-13 and IL-5 in the supernatant. The results showed that blocking ICOS-
ICOS-L interaction significantly reduces production of 1L-13 and IL-5 by human cultured
ILC2s (Figure 7D).

To further confirm the functional requirement of ICOS-1COS-L interaction for human
ILC2s, we purified ILC2s form human PBMCs and after 3 days culture in vitro in the
presence of (rh)-I1L-2 (20 ng/ml) and rh-1L-7 (20 ng/ml) adoptively transferred ILC2s
through the tail vain to Rag2~/~ 112rg~/~ mice, that lack T,B and NK cells and ILCs. Then
mice received either anti-human-1COS-L plus anti-mouse-1COS-L (clone: 9F.8A4 and 16F.
7E5, 500 pg/mouse each) or isotype control on day 1 and either i.n. rh-IL-33 (1 pg/mouse)
or PBS on days 1-3 (Figure 7E). On day 4, lung function was measured as described above
and assessment of BAL was performed. 1L-33 treatment induces AHR in mice that received
isotype control while IL-33 failed to induce AHR in mice that received anti-ICOS-L
antibodies (Figure 7F). IL-33 treatment significantly increases the number and frequency of
eosinophils in BAL only in isotype control but not anti-ICOS-L treated mice (Figure 7G).
The number and frequency of eosinophils are significantly lower in mice that received anti-
ICOS-L than in recipients of isotype control (Figure 7G). Taken together, these results
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indicate that human peripheral ILC2s express both ICOS and ICOS-L and that ICOS:1COS-
L interaction plays a crucial role for the function of human ILC2s.

Discussion

In this study we demonstrate that ICOS is required for ILC2-mediated induction of airway
hyperreactivity and inflammation in murine models and human ILC2-reconstituted mice.
We showed that mouse and human ILC2s expressed both ICOS and ICOS-L and that ICOS:
ICOS-L interaction was required for efficient ILC2 function and provides a survival signal
for ILC2. We further demonstrated that blocking ICOS:ICOS-L interaction impairs STAT5
signaling and IL-13 production in ILC2s.

In the absence of ICOS, IL-33 or Alternaria induce lower AHR and lung inflammation. We
used the IL-33 based model to test the functional requirement for ICOS in cytokine
production and survival of ILC2s since IL-33 and IL-25 have been previously shown to
induce ILC2-mediated AHR and lung inflammation in RAG-deficient mice with IL-33 being
more potent that IL-25 (Barlow et al., 2012; Barlow et al., 2013; Chang et al., 2011; Fort et
al., 2001). We used Alternaria since it is a common fungus in the environment and an
allergen in humans and has been shown to cause allergic inflammation in mice independent
of adaptive immunity (Doherty et al., 2013; Kim et al., 2014). Our results suggest that
besides AHR, ILC2s-mediated induction of lung inflammation and eosinophilia depend on
ICOS. In line with our findings, it has been shown that ICOS is required for T cells mediated
lung inflammatory responses (Gonzalo et al., 2001).

We observed a reduced numbers of ILC2s in Icos™~ compare to WT mice which suggests
that ICOS plays an important role in survival and/or proliferation of ILC2s. By analyzing
ILC2s apoptosis and death, we found that the frequency of dead cells was increased in the
absence of ICOS while the frequency of early and late apoptotic ILC2s was comparable.
Similarly we found that the expression of anti-apoptotic factor, BCL-2, was significantly
lower in Icos™~ than in WT ILC2s. Evaluation of ILC2s proliferation by measuring the
expression of Ki-67, a protein associated with cell proliferation, revealed that the rate of
proliferation of ILC2s is similar in Icos™~ and WT mice. These findings suggest that while
ICOS provides a survival signal for ILC2s, it is not essential for proliferation of ILC2s. In
agreement with our findings in ILC2s, it has been shown that ICOS substantially contributes
to survival of effector T cells upon antigen exposure, however, Burmeister, et al, have also
observed a role of ICOS in T cell expansion (Burmeister et al., 2008).

ICOS substantially contributes to cytokine production by ILC2s. Using intracellular staining
and gating on the live cells, we found that upon stimulation with IL-33, production of IL-13
is significantly reduced in the absence of ICOS, while the production of IL-13 and IL-5 in
the supernatant is reduced upon in vitro stimulation in the absence of ICOS. Similarly, it has
been shown that ICOS plays an important role of the production of IL-13 and IL-4 in T cells
(Dong et al., 2001). These data indicate that IL-13 production is directly affected by lack of
ICOS however, due to the higher rate of ILC2 death the sum production of IL-5 is also
reduced in the absence of ICOS. This is in agreement with the reduced AHR and BAL
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eosinophilia in Icos™~ mice which reflect the in vivo amounts of IL-13 and IL-5
respectively.

We show that mouse and human ILC2s express functional ICOS-L and that ICOS:ICOS-L
interaction is required for survival and cytokine production of ILC2s. Expression of both
ICOS and ICOS-L by ILC2s explains the reduced cytokine production after blocking
ICOS:ICOS-L interaction in purified in vitro cultures of ILC2s. We found that blocking
ICOS:ICOS-L interaction increases the expression of ICOS-L in WT mice, while lcos™~
ILC2s readily express high levels of ICOS-L. These findings suggest that ICOS-L is down-
regulated upon binding to ICOS. In agreement with our observations, it has previously been
shown that ICOS:1COS-L interaction leads to down-regulation of ICOS-L in B cells
(Watanabe et al., 2008). To our knowledge this is the first report of expression of ICOS and
ICOS-L by the same type of cells. Since it has been reported that ILC2s (previously reported
as nuocytes) may express MHC-I1 (Neill et al., 2010) and we observed that they express
ICOS-L, further investigation is needed to determine whether these cells can engage in
antigen presentation activities.

Several reports have shown that GATA-3 is expressed by ILC2s and plays a crucial role in
development, maintenance and function of ILC2s (Hoyler et al., 2013; Hoyler et al., 2012;
Klein Wolterink et al., 2013; Mjosberg et al., 2012). and IL-13 production by ILC2s has
been associated with high level of expression of GATA-3 (Liang et al., 2012). However,
when we compared the expression of GATA-3 in WT with Icos™~ ILC2s at steady state and
after IL-33 stimulation, we found comparable levels of GATA-3 suggesting that impairment
of 1L-13 production by lcos™~ ILC2s is caused by a mechanism other than the reduction of
GATA-3 expression.

We found that STAT-5 signaling was impaired in Icos™~ ILC2s. The expression of
phospho-STATS in Icos™~ ILC2s was substantially lower than in WT ILC2s. This finding
suggests that lack of ICOS leads to alteration in IL-2 and IL-7 signaling. Interestingly,
STATS is not only required for IL-2 mediated cell survival and Th2 differentiation but it is
also required for efficient production of IL-13 in T cells and mast cells (Antov et al., 2003;
Junttila et al., 2013; Moriggl et al., 1999; Zhu et al., 2003). We further investigated ICOS
signaling using plate bound ICOS-L-Fc, that consists of mouse ICOS-L fused with Fc part
of human IgG, and found that ICOS-L-Fc increases the amount of phospho-STATS and
leads to higher production of IL-13. Taken together, our data suggest that ICOS plays an
important role in the ILC2 cell survival and cytokine production through the IL-2 and
STAT-5 signaling pathway which may be unique for ILC2s.

In addition, we introduce a humanized mouse model for the first time, in which human
peripheral ILC2s are adoptively transferred to Rag2~/~112rg~/~ mice and i.n. administration
of hu-1L-33 causes AHR and inflammation. Human IL-5 has been shown to activate murine
eosinophils emphasizing the feasibility of using humanized mice in eosinophilic
inflammatory studies (Ingley et al., 1991; Tavernier et al., 1995). This mouse model
provides a unique platform for studying the contribution of ILC2s to human asthma and
evaluating the efficacy of potential therapeutic targets in preclinical studies. Using this
model we show that ICOS:ICOS-L interaction is required for efficient function of human
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ILC2s in vivo. These findings underscore the importance of the ICOS signaling pathway for
efficient function of human ILC2s and demonstrate that our findings in mouse ILC2s are of
high importance for and translatable to clinical studies.

In conclusion, our study demonstrates that human and mouse ILC2s express ICOS and
ICOS-L and that ICOS:ICOS-L interaction provides a survival signal for ILC2s and is
required for efficient cytokine production by ILC2s. We show that the STATS signaling
pathway is impaired in Icos™~ ILC2s while it is enhanced through ICOS signaling leading
to higher cytokine production. This may provide an explanation for the lower rate of
survival and cytokine production in the absence of ICOS or blockade of ICOS:ICOS-L
signaling. We introduce a humanized mouse model where human ILC2s drive AHR in mice
and using this system we show that ICOS:ICOS-L interaction is required for optimal
function of human ILC2s in vivo. Since ILC2s are the only cells that both express ICOS and
ICOS-L, our findings set the stage for designing new therapeutic approaches for asthma
where ILC2s can be targeted, for instance by dual specific antibodies that recognize ICOS
and ICOS-L.

Experimental procedures

Mice and in vivo experiments

ICOS deficient mice (C.129S4-1cos™1SM"/3) were obtained from Arlene Sharpe (Harvard
Medical School, Boston, Massachusetts). RAG2 deficient (C.B6(Cg)-Rag2t™1-1Can/J),
RAG2 IL-2Rg deficient (C;12954-Rag2tm1-1FIV ||2rgtmL.1FIv/}) breeder pairs and BALB/
cBYJ experimental mice were purchased from the Jackson Laboratory (Bar Harbor, Maine).
NSG experimental mice were purchased from the Jackson Laboratory. RAG2 deficient,
RAG2 GC deficient and ICOS deficient mice were bred in our animal facility at USC. 5-8
week old age-matched female mice were used in the studies. In vivo and in vitro ILC2s
stimulation are described in details in supplementary experimental procedures.

Analysis of intracellular factors by flow cytometry

Cytokines production was assessed using BD Cytofix/Cytoperm containing BD Golgi-Plug
(BD biosciences) according to manufacturer’s instructions and staining with anti-1L-5, anti-
IL-13, anti-IL4 and anti-1L-17a antibodies as mentioned above.

GATA-3 and BCL-2 expression was assessed by fixing and permeabilizing cells using
Fixation/Permeabilization buffer kit (eBioscience) according to manufacturer’s instructions
followed by anti-GATA-3 and anti-BCL-2 antibodies as mentioned above.

The expression of phosphorylated STATS was measure after stimulation of cells with rm-
IL-2 (100 ng/ml) in the presence or absence of rm-1L-33 (100 ng/ml) for 30 minutes
followed by surface staining and fixation and permeabilization using BD Cytofix " Fixation
Buffer and BD Phosflow™ Perm Buffer 111 according to manufacturer’s instructions and
staining with anti-mouse pSTATS5 as mentioned above.
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Humanized mice and purification of humanILC2

For human peripheral ILC2, peripheral blood mononuclear cells (PBMCs) were first isolated
from human fresh blood as described in details in supplementary experimental procedure.
Purified human ILC2s were cultured with rh-1L2 (20 ng/ml) and rh-1L-7 (20 ng/ml) for 3
days then adoptively transferred to Rag2~/~ 112rg™~ mice (2 x104 cells/mouse) followed by
i.n. administration of recombinant human IL-33 (0.5 pg/mouse) or PBS i.n. on day 1-3. On
day 1 mice received either anti-human (clone: 9F.8A4, 500 pg/mouse) + anti-mouse 1ICOS-L
(clone: 16F.7E5, 500 pg/mouse) or isotype-matched control (500 pg/mouse). On day 4 lung
function was measured and BAL was performed and analyzed. Anti-ICOS-L antibodies
were generated by Dr. Gordon Freeman as described elsewhere (Akbari et al., 2002).

Cytokine measurement in the supernatant

Human IL-5 ELISA MAX™ Deluxe was purchased from Biolegend, Ready-SET-Go!®
ELISA for human IL-13, mouse IL-5 and IL-13 were purchased from eBioscience and the
level of cytokines were measured according to the manufacturer’s instructions.

Measurement of Lung Function

Lung function was evaluated by direct measurement of lung resistance and dynamic
compliance in restrained tracheostomized mechanically ventilated mice using the FinePointe
RC system (Buxco Research Systems, Wilmington, NC) under general anesthesia as
described before (Kerzerho et al., 2013).

Collection of bronchoalveolar lavage (BAL) fluid and lung histology

Mice were euthanized after evaluating lung function, the trachea was intubated and lungs
were washed three times with 1 ml of PBS then the cells were harvest as previously
described (Kerzerho et al., 2013). Relative and absolute cell numbers in the BAL were
calculated using flow cytometry as described in supplementary experimental procedure.
After taking BAL lung histology slides were made as described previously (Kerzerho et al.,
2013). Histology pictures were acquired using a KeyenceBZ-9000 microscope (Keyence,
Itasca, IL) and analyzed using BZ-11 Image Analysis Application (Keyence, Itasca, IL).

Gene expression analysis using Nanostring® nCounter technology

The difference in the abundance of scripts between the purified Icos™~ and WT ILC2s were
analyzed using Nonostring nCounter technology as described in supplementary experimental
procedure. Heat plots were generated using R statistical software.

Statistical analysis

Experiments were repeated at least three times (N=4-6 each) and data are shown as the
representative of 3 independent experiments. AHR data were analyzed by repeated
measurements of general linear model. Al other data were analyzed using JMP statistical
software (Cary, NC) by Student’s t-Tests and confirmed by Mann-Whitney U. For multi-
group comparison we used one way ANOVA with Bonferroni post-hoc test.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Icos™'~ mice exhibit reduced AHR, inflammation and number of ILC2s in response to
intranasal 1L-33

BALB/cBYJ or Icos™~ mice were i.n. challenged with recombinant mouse 1L-33 or PBS on
days 1-3 followed by measurement of lung function and sample withdrawal on day 4. A)
Lung resistance and B) dynamic compliance in response to increasing doses of inhaled
methacholine. C) Total numbers of eosinophils in BAL, D) Lung histology, E) Flow
cytometry analysis of lung ILC2s in PBS treated mice, as defined by lack of expression of
lineage markers (CD3e, CD45R, Gr-1, CD11c, CD11b, Ter119, NK1.1, TCR-y8 and FCeRlI)
and expression of CD90, CD45 and ST2. Dot plots are gated on CD45" single cells, G)
Total number of ILC2s in the lungs of PBS and 1L-33 treated WT and Icos™~ mice. Data
are representative of 3 independent experiments and bar-graphs shown as mean + SEM
(n=5). (**: P<0.01 lcos™~+1L33 compared to WT+IL33, *: P<0.05 Icos~/~+1L.33 compared
to WT+IL33, ###: P<0.005 WT+IL-33 compared to WT+PBS, ##: P<0.01 WT+IL-33
compared to WT+PBS).
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Figure 2. Lack of ICOS increases cell death and impairs cytokine production in ILC2s
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BALB/cBYJ and Icos™~ mice received i.n. IL-33 or PBS and after 24 hours lungs were
either immediately analyzed for apoptosis, cell death and proliferation or cultured in the
presence of 1L-33 (20 ng/ml) and Brefeldin A for 6 hours followed by intracellular cytokine
analysis. ILC2s were gated based on lineage-, CD45", CD90.2*, ST2* and CD25". A) Dead
cell discrimination dye (DCD) and Annexin V staining of ILC2s of WT and Icos™/~ mice.
EA: early apoptotic (Annexin V*, DCD"), LA: late apoptotic (Annexin VV*, DCDI) and
dead cells (DCD"). Numbers show the percentage of the gate, B) The frequency of E.A.,

L.A. and dead cells within ILC2s, C) Histogram (left panel) and Median fluorescence

intensity (right panel) of BCL-2 in ILC2, D) Histogram (left panel) and Median fluorescence
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intensity (right panel) of Ki-67 in ILC2 as an indication of proliferation, E) Production of
IL-5, IL-13, IL-4 and IL-17A in ILC2 of WT and Icos™~ mice. F) Bar graphs presentation
of the percent of cytokine producing cells within ILC2s gate, G) ILC2 were purified by
FACS and cultured (10% cells/100 pl) in the presence of rm-1L-33 (20 ng/ml), rm-1L-2 (10
ng/ml) and rm-1L-7 (10 ng/ml) for 24 and 48 H. The level of IL-5 and IL-13 produced by
purified lung ILC2 as measured by ELISA. Data are representative of at least 3 independent
experiments and shown as mean + SEM (n=5, **: P<0.01, *: P<0.05). H) Histogram (left
panel) and median fluorescence intensity (right panel) of phosphorylated STAT5in ILC2s. )
Histogram (left panel) and median fluorescence intensity (right panel) of GATAS3 expression
in ILC2s. J) Heat plot demonstration of modulation of the depicted genes in FACS purified
Icos™/~ ILC2s compared to WT ILC2s in steady state and after 3 x i.n. IL-33 administration
quantified by Nanostring nCounter technology. Data are ranged -1 to +1 for the max
reduced and max increased gene expression respectively.
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Figure 3. Icos™~ ILC2s fail to induce AHR and lung inflammation
A) ILC2s and splenic CD4* T cells were purified from BALB/cBYJ and Icos™~ mice using

FACS. WT ILC2s (1.5 x 104 cells/mouse) combined with splenic Icos™~ CD4* T cells (3 x
10° cells/mouse) or Icos™~ ILC2s combined WT CD4* T cells were injected into NSG mice
intravenously followed by 3 intranasal challenges with rm-1L-33 or PBS on 3 consecutive
days. One day after the last challenge lung function was measured and samples were
collected. B) Lung resistance and C) dynamic compliance. D) Lung histology after PBS or
IL-33 treatment. E) Total eosinophils in bronchoalveolar lavage in PBS or IL-33 treated
mice, F) Total ILC2s in lungs after PBS or IL-33 treatment. Data are representative of 2
independent experiments and shown as mean £ SEM (n=3-5, *: P<0.05).
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Figure 4. Blocking ICOS inhibits AHR and lung inflammation in RAG2 deficient mice
A) Rag2~/~ mice received 500 pg/mouse anti-mouse ICOS blocking antibody or rat 1gG2b

(isotype control) on day 1 and received rm-1L-33 or PBS intranasally on day 1 to 3 followed
by measurement of lung function, and analyses of bronchoalveolar lavage and lung
histology on day 4. B) Lung resistance and C) dynamic compliance. D) Lung histology. E)
Total numbers of eosinophils in bronchoalveolar lavage. F) Total number and G) frequency
of ILC2s. H) Dot plot of intracellular cytokine production by lung ILC2s after 4 hour of
culture in the presence of Brefeldin A. I) Median fluorescence intensity of intracellular IL-5
and IL-13 in lung ILC2s. Data are representative of at least three independent experiments
and are presented as mean + SEM (n=5)(*: P<0.05 anti-ICOS+IL33 compared to isotype
+IL33, ###: P<0.005isotype+IL-33 compared to isotype+PBS, ##: P<0.01 isotype+IL-33
compared to isotype+PBS).
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Figure 5. Blocking ICOS inhibits Alternaria-induced AHR and lung inflammation
A) Rag2~/~ mice received intraperitoneal injection of anti-mouse ICOS blocking antibody

or rat IgG2b on day 1 and received extract of Alternaria alternata or PBS intranasally on
day 1 to 4 followed by measurement of lung function, and BAL and lung histology on day 5.
B) Lung resistance and C) dynamic compliance in response to increasing doses of
methacholine. D) Lung histology, E) Total numbers of eosinophils in bronchoalveolar
lavage. F) Total number of lung ILC2s. Data are representative of at least three independent
experiments and are presented as mean = SEM (n=4, **: P<0.01, *: P<0.05).
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Figure 6. Murine ILC2s express ICOS-L
A) Histogram of expression of ICOS-L by ILC2s in BALB/cBYJ (thin line) and in lcos™~

(thick line) mice 24 hours after i.n. IL-33 or PBS administration. The level of isotype-
matched stain control is shown as gray filled histogram. B) Median fluorescence intensity of
ICOS-L in wild type and Icos™~ mice in i.n. IL-33 or PBS treated mice. C) Histogram of
expression of ICOS-L by lung ILC2s in BALB/cBYJ mice 24 hours after administration of
blocking anti-ICOS (thick line) or rat 1IgG2a (thin line) in PBS or IL-33 treated mice. D)
Median fluorescence intensity of ICOS-L in lung ILC2s of BALB/cBYJ mice treated with
blocking anti-ICOS (black bars) or rat IgG2a isotype control (white bars) antibody after PBS
or IL-33 administration. E) Histogram of the level of phosphorylated STAT5 24 hours after
in vitro culture of purified ILC2s in the present of plate-bound ICOS-L 1gG or human-IgG
as isotype control. F) Production of 1L-13 by purified ILC2s (10%/100 ul) after 24 hours
culture in the present of plate-bound ICOS-L IgG or human-IgG and rm-1L-2 (20 ng/ml),
rm-IL-7 (20 ng/ml) and rm-IL-33 (20 ng/ml) as measured by ELISA. G). Purified WT
ILC2s were cultured in the absence of stimuli for 24 hours then cultured in the present of
plate-bound ICOS-L 1gG or human-1gG and rm-IL-2 (20 ng/ml), rm-1L-7 (20 ng/ml) and
rm-1L-33 (20 ng/ml). Expression of BCL-2 (left panel) and viability (right panel) as
measured by flow cytometry. Data are representative of at least three independent
experiments and are presented as mean = SEM (n=3-4, **: P<0.01, *: P<0.05).
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Figure 7. Human peripheral ILC2s express ICOS and ICOS-L and blocking their interaction
reduces cytokine production by ILC2s

Human peripheral blood mononuclear cells were isolated using Ficoll gradient isolation and
cultured in the presence or absence of recombinant human 1L-33 (20 ng/ml), IL-2 (10 ng/ml)
and IL-7 (20 ng/ml) for 24 hours. A) Human peripheral ILC2s were gated on single cells,
CD45" CRTH2* Lineage™, CD127* and CD161" cells, B) Expression of ICOS and C)
ICOS-L by human peripheral ILC2 in freshly isolated (left panels), or cultured in the
absence or presence of rh-1L-33 (20 ng/ml, middle and right panels) for 24 hours. Stain
isotype control is shown in gray filled histogram. D) Human ILC2s were purified from
PBMCs using FACS and cultured (10%/ml) in the presence of rhuman-1L-33 (20 ng/ml),
IL-2 (10 ng/ml) and IL-7 (20 ng/ml) for 24 hours. Data are representative of 4 individual
donors. E) Human peripheral ILC2s were purified using FACS, cultured with rh-1L2 (20
ng/ml) and rh-IL-7 (20 ng/ml) for 48 hours then adoptively transferred into 2 group of
Rag2~/~112rg=~ mice receiving either anti-human and anti-mouse ICOS-L (500 pg/mouse)
or isotype control (500 pg/mouse) on day 1. Both groups received either rh-1L-33 (0.5 pg/
mouse) or PBS i.n. on day 1-3 followed by dissection on day 4. F) Lung resistance. G) Total
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numbers of eosinophils in BAL. H) Total numbers of human ILC2s in the lungs of
humanized mice (n=3-4).
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