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Abstract Group 2 innate lymphoid cells (ILC2s) have recently been identified in human nasal
polyps, but whether numbers of ILC2s differ by polyp endotype or are influenced by
corticosteroid use is unknown. Here, we show that eosinophilic nasal polyps contained double
the number of ILC2s vs. non-eosinophilic polyps. Polyp ILC2s were also reduced by 50% in
patients treated with systemic corticosteroids. Further, using a fungal allergen challenge mouse
model, we detected greatly reduced Th2 cytokine-producing and Ki-67+ proliferating lung ILC2s
in mice receiving dexamethasone. Finally, ILC2 Annexin V staining revealed extensive apoptosis
after corticosteroid treatment in vivo and in vitro. Thus, ILC2s are elevated in the eosinophilic

nasal polyp endotype and systemic corticosteroid treatment correlated with reduced polyp
ILC2s. Finally, allergen-challenged mice showed reduced ILC2s and increased ILC2 apoptosis
after corticosteroid treatment suggesting that ILC2 may be responsive to corticosteroids in
eosinophilic respiratory disease.
© 2014 Elsevier Inc. All rights reserved.
e; IL-5, Interleukin-5; IL-13, In
e D4; PBS, Phosphate buffered
t of Medicine, University of Cal
858 534 2110.
(T.A. Doherty).

4.09.007
ts reserved.
terleukin-13; IL-25, Interleukin-25; IL-33, Interleukin-33; ILC2, Group 2
saline; PGD2, Prostaglandin D2; TSLP, Thymic stromal lymphopoietin.

ifornia San Diego, Biomedical Sciences Building, Room 5090, 9500 Gilman

http://crossmark.crossref.org/dialog/?doi=10.1016/j.clim.2014.09.007&domain=pdf
mailto:tdoherty@ucsd.edu
Unlabelled image
http://dx.doi.org/10.1016/j.clim.2014.09.007
Unlabelled image
http://dx.doi.org/


127Polyp ILC2s associated with steroid responsiveness
1. Introduction Board approval at UCSD and Scripps Green Hospital. Subjects
Group 2 innate lymphoid cells (ILC2s) are a recently
identified population of lineage-negative cells (lacking cell
surface markers for T cell, B cell or NK cell lineages) that
produce large amounts of Th2 cytokines [1–4]. In humans
and mice, several cytokines and inflammatory mediators
have been shown to induce ILC2 Th2 cytokine production
and/or proliferation including TSLP, IL-25, IL-33, LTD4, and
PGD2 [2–10]. While a great deal has been learned about the
activation of ILC2s in murine models of disease, very few
studies have shown connections between tissue ILC2s and
human disease. Further, there are limited reports demon-
strating negative regulation or pharmacologic inhibition of
ILC2s.

ILC2s have been reported as enriched in human nasal
polyps from patients with chronic rhinosinusitis (CRS),
largely considered to be type 2 inflammatory disease [6].
Epithelial cytokines TSLP and IL-33, as well as leukotrienes,
have been detected at higher levels in patients with CRS and
are thus available for potent ILC2 stimulation [11–13]. A
recent CRS consensus report suggests the importance of
“endotypes” within CRSwNP as defined by histopathologic
features, cytokine profiles and presence of different cell
types [14]. Interestingly, emerging evidence has shown that
eosinophilic and non-eosinophilic nasal polyp endotypes
have different inflammatory profiles and contrasting re-
sponses to corticosteroid treatment [15,16]. However,
whether ILC2s are selectively enriched in distinct polyp
endotypes or whether use of systemic corticosteroids may
affect polyp ILC2 numbers is unknown.

Given the clinical and pathological distinctions between
eosinophilic and non-eosinophilic polyposis, our first aimwas to
determine whether ILC2s, a novel Th2 cytokine producing cell
population, are selectively enriched in eosinophilic nasal
polyps as compared to non-eosinophilic polyps. Secondly, we
sought to determine whether the numbers of ILC2s in human
nasal polyps are affected by treatment with systemic cortico-
steroids. Corticosteroids reduce tissue eosinophilia through
induction of cellular apoptosis, inhibition of type 2 cytokine
production, and reduction in T-lymphocytes [17–19]. While
corticosteroids are the generally first line therapy for
rhinosinusitis and asthma, some patients have corticosteroid
refractory disease with persistent eosinophilia [20]. A very
recent report has shown that TSLP may induce partial
corticosteroid resistance in mouse ILC2s in vitro as well as
during administration of dexamethasone in OVA/alum sensi-
tized and OVA/IL-33 challenged mice [21]. However, whether
corticosteroids have an effect on ILC2 in vivo during exposure
to a naturally encountered aeroallergen is unknown. Thus, our
final aim was to determine the effect of corticosteroid
treatment on mouse respiratory tissue ILC2 after in vivo
natural allergen challenge with Alternaria alternata.

2. Materials and methods

2.1. Human nasal polyps

Nasal polyps and sinus mucosa samples were collected from
25 human subjects with chronic rhinosinusitis (CRS) under-
going endoscopic sinus surgery after Institutional Review
were consented to have their nasal polyp tissue used for
research purposes. The demographic and clinical character-
istics of patients were obtained by retrospective chart
review and included age, gender, ethnicity, use of topical
steroids, antibiotics or systemic steroids at the time of
surgery. Physician diagnosis of cystic fibrosis and asthma
were obtained by chart review. Aspirin exacerbated respi-
ratory disease (AERD) diagnosis was defined by compelling
history involving hypersensitivity reaction within 2–3 hours
of ingestion of aspirin or NSAID, and confirmed by aspirin
challenge in 2 of 3 patients.

Fresh tissue samples were transported in T cell media
consisting of 10% FBS, 100 μg/ml Pen/Strep, 2 mM L-glutamine
and 50 μM 2-Mercaptoethanol in RPMI and processed for flow
cytometry the same day. Polyps were divided into eosinophilic
(n = 8) or non-eosinophilic (n = 10) groups based on eosinophil
levels determined by FACS. Eosinophilic polyposis was defined
as CCR3 + FcεR1- granulocytes N10% of CD45+ cells or N 40%
of granulocytes. Cytospun samples were stained with Giemsa-
Wright and independent blinded pathological analysis of
hematoxylin and eosin (H&E) stained paraffin sections of
polyps was performed to confirm FACS results. Sinus mucosa
(n = 7) was collected from patients with chronic sinusitis
without nasal polyps (CRSsNP). Finally, ILC2 levels were
analyzed from patients treated with a course of systemic
steroids (prednisone dose greater than 30 mg daily for a
minimum of 5 days, or equivalent methylprednisolone daily
dose) within 2 weeks prior to surgery.

2.2. Identification of human nasal polyp ILC2s

Nasal polyp tissue obtained at the time of surgery was
digested with Collagenase D (500 μg/ml) (Sigma-Aldrich) or
Liberase TM (125 μg/ml) (Roche) in combination with DNase I
(100 μg/ml) (Roche), and then filtered into a single cell
suspension. To detect ILC2s in human polyps, cells were
stained with a FITC lineage cocktail (CD3, CD14, CD16, CD19,
CD20, CD56; BD, Franklin Lakes NJ), and FITC conjugated
TCRγδ (BD, Franklin Lakes NJ, USA), CD4, CD11b, CD235a,
FcεR1, (eBioscience San Diego, CA), PerCP conjugated
human Anti-CD45 (eBioscience), and PE-conjugated CRTH2
(CD294) (Miltenyi Biotec). The % of ILC2s are reported as the
% ILC2s of CD45+ polyp cells. Flow cytometry was performed
using a BD Accuri FACS machine and analyzed with FlowJo
software (Tree Star, Inc).

2.3. Mice

Studies of ILC2s in mice require sufficient amounts of tissue
for FACS analysis, as ILC2s have no unique cell surface
markers for immunohistochemistry studies. Given that there
are no reported mouse models of nasal polyposis in which
sufficient numbers of ILC2s for functional studies are
available, we used mouse lung rather than the small amount
of mucous membrane in mouse sinuses to investigate the ILC2
responses to corticosteroids in vivo and in vitro. Female
wild-type C57BL/6 mice 6–10 weeks of age (Jackson Labora-
tories) were challenged intranasal with 25 μg Alternaria
alternata (Greer, NC) on days 0, 3, and 6, and given oral
gavage of either dexamethasone (Abcam) at 3 mg/kg or PBS on
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days 0, 2, 4, 6, and 8. On day 10, mice were euthanized and
bronchoalveolar lavage and lungs were collected. All studies
were approved by the University of California San Diego
Institutional Animal Care and Use Committee.
2.4. Mouse BAL and lung processing and
flow cytometry

BAL was performed as previously described [22,23]. Lungs
were processed into single cell suspensions using a tissue
dissociator (Miltenyi Biotec). BAL and lung cells were
incubated with a monoclonal antibody to CD16/CD32
(24G.2) for 10 min to block Fc receptors. Cells were stained
with PE-conjugated Siglec-F and FITC-conjugated CD11c
(eBioscience) and eosinophils were identified as Siglec
F-positive CD11c-negative cells [24]. BAL and lung Th2 cells
were identified as T1/ST2-positive CD4-positive cells after
staining with biotin-T1/ST2 (MD biosciences) and CD4
(eBioscience) followed by streptavidin-APC (eBioscience).
To identify mouse lung ILC2s, cells were stained with
PerCP-conjugated CD45.2 (eBioscience), APC-conjugated
Thy1.2 (CD90.2) (eBioscience), and FITC-conjugated Lineage
cocktail as previously reported [7]. To assess the production of
ILC2 IL-5 and IL-13, cells were permeabilized following surface
staining using the BD intracellular staining kit (BD Biosciences)
and stained with PE-conjugated IL-5 or IL-13 (eBioscience). To
assess proliferation of ILC2s, cells were permeabilized using
the FoxP3 Staining Buffer Set (eBioscience) following surface
staining and stained with eFluor 660-conjugated anti-mouse
Ki-67 or isotype control (eBioscience). To detect apoptotic
ILC2s, cells were stained with the Annexin V Apoptosis
detection kit (eBioscience). All samples were analyzed using
an Accuri C6 Flow Cytometer (BD Biosciences) and data was
further analyzed using FlowJo software (Tree Star).
Table 1 Demographic data in human subjects with
CRSwNP.

Eosinophilic Non-eosinophilic P value

(n = 8) (n = 10)

Mean age 43 19 0.38
SD 11.6 14.8
Gender
Male (%) 62.5 70 0.75
2.5. Lung cell culture

ILC2 were first expanded in vivo after intranasal challenges of
25 μg of Alternaria and lung cells (1x106 cells/well) were
cultured in a 96-well, flat-bottom plate (Corning) with either
IL-2 alone (10 ng/ml) or IL-2 with dexamethasone at 10 μM or
1 mM concentrations. Cells were harvested at 1 day and 3 days
and total numbers of ILC2s were assessed followed by annexin
V analysis by flow cytometry.
Female (%) 37.5 30 0.92
Ethnicity
Caucasain (%) 88.9 70 0.34
Hispanic (%) 11.1 10 1.0
Asian (%) 0 10.0 0.36

Environmental
allergies (%)

87.5 Not tested N/A

Diagnosis of 44.4 11.1 b0.05
2.6. ELISA

Supernatants were collected following centrifugation of BAL
samples at 1400 RPM for 4 minutes at 4 °C (Beckman
Coulter). ELISA for IL-4, IL-5, and IL-13 (R&D Systems) were
performed according to the manufacturer’s protocol.
asthma (%)
Cystic fibrosis(%) 0.0 50 b0.05
AERD (%) 33.3 0 b0.05
Systemic steroid
use (%)

50.0 40 0.69

Topical steroid
use (%)

89.9 80 0.62

Antibiotics (%) 50.0 60 0.69
2.7. Statistical analysis

Statistical analysis was performed using Prism software
(Graphpad). Comparison of %ILC2 between eosinophilic,
non-eosinophilic and sinus mucosa samples was performed
using one-way ANOVA calculation. Direct comparison anal-
ysis of steroid vs. non-steroid groups was performed with
unpaired t-test with Welch’s correction. Mann–Whitney U
test or t-test used for mouse studies as indicated.
3. Results

3.1. Patient baseline characteristics

Baseline patient age, gender, ethnicity, use of topical steroids,
antibiotics and systemic steroids at the time of surgery were
similar between eosinophilic versus non-eosinophilic endotypes
(Table 1). As compared to the non-eosinophilic group, subjects
with eosinophilic polyps had a greater likelihood of asthma. In
the non-eosinophilic polyp group, 5 patients had cystic fibrosis
and none of the patients had prior environmental allergy
testing performed. Topical nasal steroids were used in fifteen
out of eighteen patients and three patients had unknown use
at the time of surgery.
3.2. ILC2s are selectively enriched in the
eosinophilic nasal polyp endotype

To determine levels of eosinophils in nasal polyps, single
cell suspensions were stained for CD45, CCR3, and FcεR1.
Eosinophilic polyposis was defined by the presence of
CCR3 + FcεR1- granulocytes that were N10% of all CD45+ cells
or N40% of the granulocyte population (Fig. 1A). In contrast,
non-eosinophilic polyps can be easily identified as having very
low numbers (b10%) of cells that are CCR3 + FcεR1- (Fig. 1B).
Wright-Giemsa staining of cytospin samples confirmed the
presence of eosinophils in the eosinophilic polyp samples
(Fig. 1C). Further, independent pathological analysis of 9
polyp tissue specimens revealed that the mean eosinophil



Figure 1 ILC2s are selectively enriched in the eosinophilic nasal polyp endotype. Single cell polyp suspensions were stained for
eosinophils and identified as CD45+ granulocytes expressing CCR3 and negative for FcεR1 (A and B). Representative examples shown
from (A) eosinophilic polyp and (B) non-eosinophilic polyp. (C) Giemsa-Wright stained cytospun nasal polyp cells (scale bar 50 μm).
Representative eosinophilic polyp (top) and non-eosinophilic polyp (bottom) shown. (D) H&E stained section of nasal polyp tissue
examined at 100x. Eosinophilic (top) and non-eosinophilic shown (bottom). (E) Mean +/− SEM eosinophil counts per hpf (t-test,
***P b 0.001). Arrows pointed at one of many eosinophils (C and D). (F) %ILC2 in eosinophilic NP (n = 8) compared to non-eosinophilic
NP (n = 10) and sinus mucosa control tissue from patients with CRSsNP (n = 7) (One-way ANOVA, *P b 0.05, **P b 0.01). %ILC2 defined
as %CRTH2+ Lineage-negative lymphocyte lymphocytes of CD45+ cells. (G) Correlation plot of %ILC2 and eosinophil levels (Pearson
correlation coefficient, two-tailed r2 = 0.36, P b 0.01).
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number in the eosinophilic polyp group was 72.3 per high power
field (HPF) compared to a mean of 15.7 per HPF in the
non-eosinophilic group and confirmed that our method of
eosinophil detection by flow cytometry was valid (Fig. 1D and
E). Thus, we successfully stratified polyps into eosinophilic or
non-eosinophilic endotypes.

We identified nasal polyp ILC2s as CD45+ lineage-
negative lymphocytes that express CRTH2+ cells as de-
scribed in the methods and as previously reported [6,25].
ILC2s lack CD3, CD14, CD16, CD19, CD20, CD56, TCRγδ, CD4,
CD11b, CD235a, and FcεRI, and thus are not B, T, NK, NKT,
and mast cells, or basophils. We assessed for levels of ILC2s
(%ILC2 of CD45+ cells) in eosinophilic compared with
non-eosinophilic polyps. Eosinophilic polyps contained approx-
imately two times more ILC2s compared to non-eosinophils
polyps (Fig. 1F). There was a further significant increase in
%ILC2s in eosinophilic nasal polyps as compared to sinus
mucosa from patients with CRSsNP and a positive correlation
between the percentages of ILC2s and eosinophils in polyp
tissue (Fig. 1G). In contrast, there was no correlation between
the percentage of ILC2s and FcεR1+ cells, which may represent
basophils or mast cell populations (r2 = 0.00, p = 0.96). Thus,
ILC2s were selectively enriched in the eosinophilic nasal polyps
we assessed compared with non-eosinophilic polyps and sinus
mucosa.
3.3. Systemic corticosteroid therapy is associated
with reduced nasal polyp ILC2s

ILC2s are a recently discovered population of cells and
whether corticosteroids might have an effect on human
tissue ILC2s has not been reported. Thus, we further
stratified our polyp samples based on treatment with
systemic corticosteroids. We detected about half the
number of ILC2s in nasal polyp tissue in steroid treated
compared to patients who did not receive systemic cortico-
steroids (Fig. 2A–C). Within the eosinophilic endotype,
patients treated with systemic steroids had significantly
reduced ILC2s as compared to patients who did not receive
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Figure 2 Systemic corticosteroid therapy correlates with reduced nasal polyp ILC2s. Polyp ILC2s were identified as CD45-positive
lymphocytes that are lineage-negative and express CRTH2. Representative ILC2 gating strategy for eosinophilic nasal polyp from
patient treated with corticosteroids prior to surgery (A) as compared to eosinophilic nasal polyp without corticosteroid treatment
(B). (C) Mean +/− SEM %ILC2 in all CRSwNP patients treated with preoperative systemic corticosteroids (n = 8) as compared to
CRSwNP without corticosteroid treatment (n = 10) (left, t-test, *p b 0.05). Mean +/− SEM of %ILC2 in patients within the CRSwNP
eosinophilic nasal polyp endotype pre-treated with systemic corticosteroids (n = 4) as compared to patients who did not receive
prednisone or equivalent within the eosinophilic endotype (n = 4) (middle, t-test, **p b 0.01). Mean +/− SEM of %ILC2 in patients with
CRSwNP with the non-eosinophilic nasal polyp endotype pre-treated with systemic corticosteroids (n = 4) as compared to those who
did not receive prednisone or equivalent within non-eosinophilic group (n = 6) (right, p = 0.14, t-test).
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steroid treatment (Fig. 2D). Interestingly, there was a trend
toward reduced ILC2s in steroid treated patients with
non-eosinophilic polyps as compared to non-steroid treat-
ed patients, but this did not meet statistical significance
(p = 0.14)(Fig. 2E). Topical corticosteroid use was not corre-
lated with changes in ILC2 levels (not shown). Thus, systemic
steroid use in the eosinophilic polyp endotype was associated
with reduced nasal polyp ILC2s compared with polyp ILC2
levels in non-steroid treated individuals.
3.4. Corticosteroid treatment reduces fungal
allergen-induced eosinophilic inflammation

Eosinophilic chronic rhinosinusitis has been associated with
fungal allergen sensitivity, including to the allergen Alternaria
alternata [26]. We investigated the effects of corticosteroids
on mouse lung ILC2s instead of mouse sinus ILC2s, as there is a
very limited amount of sinus mucosa compared to lung
available for FACS studies. In addition, immunohistochemistry
cannot be used to precisely identify ILC2 in tissue [27,28].
Therefore, to determine whether respiratory tract ILC2s are
responsive to corticosteroids in vivo as suggested by our human
polyp results, we employed a mouse model of Alternaria-
induced eosinophilic lung inflammation that expands ILC2s and
induces robust eosinophilic infiltration, airway Th2 cytokine
production and accumulation of Th2 cells as we have previously
reported [7,23]. Mice were challenged with Alternaria intrana-
sally on days 0, 3, and 6 and orally administered dexamethasone
or PBS every other day (Fig. 3A). Dexamethasone treated mice
showed a complete abrogation of airway and lung eosinophilia
compared with Alternaria-challenged mice not treated with
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Figure 3 Dexamethasone inhibits Alternaria-induced type 2 lung inflammation. (A) Protocol for Alternaria-induced lung
inflammation. Alt = intranasal Alternaria; Dex = gavage Dexamethasone. PBS and Dex gavage treated mice were administered
Alternaria intranasal challenges. (B) Total BAL and lung eosinophils enumerated. (C) BAL IL-4, IL-5, and IL-13 were analyzed by ELISA.
(D) BAL and lung CD4 + T1/ST2+ cells enumerated. Data shown is representative of 2 independent experiments with 4 mice per group
Alternaria challenged and 2 naïve mice. *P b 0.05, **P b 0.005, ***P b 0.001, Mann–Whitney test.
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corticosteroid (Fig. 3B). BAL Th2 cytokines were also reduced
and accumulation of CD4 + T1/ST2+ Th2 cells was prevented
following steroid treatment (Fig. 3C and D). Thus, the
development of a type 2 eosinophilic lung response induced by
the fungal allergen Alternaria was severely impaired by
corticosteroid treatment.

3.5. Dexamethasone impairs lung ILC2 accumulation
and induces ILC2 apoptosis in vivo

We have previously shown that the number of lung ILC2s
increases by 10–20 fold utilizing the protocol in Fig. 3A
[7,23]. Thus, this model allowed for testing the effects of
corticosteroids on ILC2 accumulation, apoptosis, prolifera-
tion and cytokine production. Similar to the Th2 cell
reduction, the increase in total number and percentage of
ILC2s in Alternaria-challenged mice was greatly impaired
and similar to levels found in naïve mice (Fig. 4A). We next
assessed whether corticosteroids reduced ILC2 proliferation
(Ki-67+ ILC2s) and/or increased apoptosis of ILC2s (Annexin
V ILC2+) that may account for the reduction in total ILC2s.
ILC2s markedly proliferated after the Alternaria challenge
protocol in Fig. 3A (Fig. 4B). In contrast, lung ILC2s from
dexamethasone treated mice had very low levels of Ki-67+
proliferation. Thus, dexamethasone treatment reduced ILC2
accumulation and proliferation in-vivo.

Corticosteroid treatment inhibits eosinophil survival and
induces apoptosis [29]. We hypothesized that corticosteroid
treatment may also induce ILC2 apoptosis and thus performed
staining for annexin V, a marker of early apoptosis. Allergen
challenge without dexamethasone treatment led to minimally
reduced ILC2 apoptosis beyond what is found naïve mice
(Fig. 4C). However, dexamethasone treatment significantly
increased annexin V + ILC2s suggesting that corticosteroid
steroid treatment increases ILC2 apoptosis in vivo.

3.6. Dexamethasone reduces ILC2 Th2 cytokine
production in vivo

Next we sought to determine whether dexamethasone influ-
enced ILC2 cytokine production in vivo as analyzed by
intracellular staining.We have previously shown thatAlternaria
induces lung ILC2 IL-5 and IL-13 production [23]. In non-steroid
treated mice, ILC2 IL-5 and IL-13 levels increased as expected
(Fig. 4D). Interestingly, dexamethasone treatment did not
alter the % of IL-5+ ILC2s, but the total number of IL-5+ ILC2s
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Figure 4 Dexamethasone impairs lung ILC2 proliferation and induces ILC2 apoptosis in vivo. Mice undergoing the protocol in Fig. 3A
were assessed for percent and total numbers of lung ILC2s PBS and Dex gavage treated mice were administered Alternaria intranasal
challenges. (A). Proliferating ILC2s were measured by analysis of Ki67+ cells (B). Apoptotic ILC2s were measured by Annexin V
expression (C). Intracellular staining was performed for ILC2 IL-5 and IL-13 production (D). Gated on lineage-negative Thy1.2+
lymphocytes (B-D). Data shown is representative of 2 independent experiments. *P b 0.05, **P b 0.005; Mann–Whitney test (A–C),
unpaired t test (D).
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were decreased due to a reduction in total ILC2s. In contrast,
corticosteroid treatment reduced both the percent and total
number of IL-13+ ILC2s. Overall, dexamethasone treatment
reduced the number of IL-5 and IL-13 producing ILC2s in vivo.

3.7. Dexamethasone induces ILC2 apoptosis in vitro

Our in vivo results suggest that ILC2s are susceptible to
corticosteroid-induced death and we investigated whether
similar results were found in vitro. We cultured murine lung
cells from WT mice that were challenged with Alternaria in
the presence of IL-2 alone or IL-2 and dexamethasone at
10 μM or 1 mM concentrations. IL-2 is a homeostatic survival
factor for ILC2s and a previous report suggested that IL-2
may render ILC2s steroid resistant [21]. We next assessed
the number of total ILC2s on days 1 and 3 after culture and
performed annexin V staining to measure levels of ILC2
apoptosis. ILC2 numbers were not different one day after
culture, but were significantly reduced in the presence of
dexamethasone after three days of culture (Fig. 5A). The %
of Annexin V + cells was increased by approximately 20% on
day one in both concentrations of dexamethasone (Fig. 5B).
On day 3, the Annexin V + ILC2s were further increased in a
dose dependent manner in the dexamethasone treated
wells. Thus, ILC2s from fungal allergen-challenged mice are
sensitive to corticosteroid-induced apoptosis in vitro and
thus support our in vivo findings.
4. Discussion

Our studies have demonstrated several novel findings. First,
we have identified that ILC2s are selectively enriched in
eosinophilic nasal polyps compared with non-eosinophilic
polyps. Secondly, we detected lower levels of ILC2s in
eosinophilic nasal polyps from patients treated with system-
ic corticosteroid compared with eosinophilic polyps from
patients that were not treated with systemic corticoste-
roids. Further, we demonstrate that mouse lung ILC2s
undergo extensive apoptosis in vivo after treatment with
corticosteroids during exposure to the fungal allergen
Alternaria. Finally, we show that corticosteroid treatment
in vitro induces apoptosis of lung ILC2s that were activated
and expanded in vivo.
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Figure 5 Dexamethasone induces apoptosis of ILC2s in vitro. Lung ILC2s were expanded in vivo after Alternaria challenges and
cultured with IL-2 or dexamethasone (10 μM or 1 mM). (A) Total numbers of ILC2s one and three days after culture. (B) Annexin
V + ILC2s, shown, gated on lineage-negative Thy1.2+ cells. Data shown is representative of 2 independent experiments, ***P b 0.001;
Mann–Whitney test.
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Chronic rhinosinusitis is a heterogeneous collection of
diseases afflicting millions of people each year [30]. A recent
CRS consensus report suggests the importance of CRS
endotypes as defined by histopathologic features, cytokine
profiles and presence of different cell types [14]. Given the
clinical and pathological distinctions between eosinophilic
and non-eosinophilic polyposis, our finding that ILC2s (a
novel Th2 cytokine producing cell population) are selectively
enriched in the eosinophilic polyp endotype has important
implications for ILC2s in polyp pathogenesis.

ILC2s have only recently been discovered and are emerging
as a potentially important innate immune effector cell in
human type 2 inflammatory diseases [1]. ILC2s do not express
cell surface markers for T cell, B cell or NK cell lineages and
produce Th2 cytokines in response to epithelial derived
cytokines IL-25, TSLP and IL-33, as well as CysLTs and
Prostaglandin D2 [2–4,6,7,23,31]. Importantly, TSLP, IL-33,
and CysLTs are increased in CRS and thus may be available to
potently stimulate ILC2s [11–13,32]. The presence of ILC2s in
nasal polyps from human subjects that were not stratified by
endotype has previously been reported [6,25]. A subsequent
report demonstrated that a greater number of ILC2s were
present in the ethmoid sinus mucosa of 6 patients with
CRSwNP compared to 4 patients with CRSsNP [11]. Thus,
there is mounting evidence that ILC2s may contribute to nasal
polyp pathogenesis and our work further supports the role of
ILC2s in the eosinophilic polyp endotype.

Our studies also demonstrate the novel finding that nasal
polyp tissue from human subjects treated with systemic
corticosteroids showed reduced levels of ILC2s. These
findings have important implications, as there is limited
information on ways to inhibit ILC2 proliferation and
activation. Recently, Lipoxin A4 was shown to decrease IL-13
production from peripheral blood ILC2s and represents one
potential ILC2 inhibitor [31]. Interestingly, all but three
patients in our studies were reportedly using topical cortico-
steroids chronically and there was no correlation between
topical steroid use and polyp ILC2 levels. This suggests that
ILC2s may be refractory to topical corticosteroid administra-
tion and may require higher dose systemic corticosteroid to
reduce ILC2 levels. Topical corticosteroids are a mainstay of
treatment for CRS and our work suggests that further
treatments are needed to reduce ILC2 levels without the
known side effects of systemic corticosteroid use. However,
future controlled human trials with CRS patients would need to
be performed to validate our findings.

The limitations of our study include the absence of in
vitro studies of the effect of corticosteroids on human nasal
polyp ILC2s, as well as the use of lung rather than sinus ILC2
in our mouse studies. ILC2s represent b0.5% of all polyp cells
and the low numbers of ILC2s preclude appropriate in vitro
investigation. We therefore tested the effect of corticoste-
roids on mouse lung ILC2s. As ILC2s have no unique cell
surface marker, immunohistochemistry of mouse nasal
mucosa cannot accurately detect ILC2s. In addition, the
very limited amount of tissue obtained from the sinus
mucosa lining the mouse sinuses (compared to the much
larger amount of tissue in mouse lung) precludes having
sufficient numbers of ILC2 for analysis. Nevertheless, there
is evidence that lung and sinus ILC2s may be functionally
similar. For example, mediators that activate ILC2s includ-
ing TSLP, IL-33, PGD2 and CysLTs are increased in both CRS
as well as asthma, and are also found to play important roles
in mouse models of disease [7,11–13,31–38]. Further,
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immune cell recruitment to the nose after allergen chal-
lenge likely utilizes similar mechanisms that occur in the
lung [40]. Overall, these points suggest that the study of
mouse lung ILC2 responsiveness to corticosteroids may be
relevant to other respiratory disease including nasal and
sinus disease.

We found that lung ILC2s from mice challenged with a
clinically relevant fungal allergen underwent extensive
apoptosis in response to corticosteroid both in vivo and in
vitro. A recent study suggested that mouse lung ILC2s may
be corticosteroid resistant in the presence of TSLP [21].
There are several important differences between the
previous study and our work. First, we utilized Alternaria,
a natural aeroallergen that is associated with severe asthma
and chronic rhinosinusitis, to examine the effect of
dexamethasone treatment on ILC2 numbers and function
[26,40]. In contrast, the previous study utilized OVA/alum
intraperitoneal sensitization followed by airway IL-33 and
OVA challenges and showed that dexamethasone did not
reduce ILC2s in this model. Further, absence or blockade of
TSLP led to a partial increase in steroid sensitivity of lung
ILC2s suggesting that under some conditions TSLP may
promote ILC2 steroid resistance. The Alternaria protocol
we utilized is highly dependent on IL-33 [23,36] and the
previous finding that lung ILC2s were sensitive to dexameth-
asone after administration of IL-33 alone is consistent with
our results. Additionally, we administered dexamethasone
throughout the Alternaria protocol and the previous study
treated with dexamethasone during recall challenges with
OVA and IL-33 after sensitization. Finally, our in vitro studies
showed that lung ILC2s that were activated and expanded by
in vivo Alternaria challenges were sensitive to dexametha-
sone in the presence of IL-2. In contrast, the previous report
showed that TSLP stimulation of naïve lung ILC2s in vitro led
to partial dexamethasone resistance. Thus, differences in
the in vivo models and in vitro culture systems may account
for differences in conclusions between our work and the
previous study. Overall, our findings that mouse ILC2s were
sensitive to corticosteroids is consistent with our human
nasal polyp data showing that systemic steroid treated
individuals had fewer polyp ILC2s.

In summary, we have identified that ILC2s are enriched in
the eosinophilic nasal polyp endotype and we detected
fewer ILC2s in eosinophilic nasal polyps from patients
treated with systemic corticosteroid compared with polyps
from patients not treated with systemic corticosteroids. We
also demonstrated that mouse lung ILC2s undergo extensive
apoptosis after exposure to corticosteroids both in vivo and
in vitro. Future studies are needed to identify whether ILC2s
may become corticosteroid refractory in certain conditions
or may vary between individuals.
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