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ABSTRACT OF THE THESIS

Leukotriene C4 Potentiates IL-33 Induced ILC2 Activation and Lung Inflammation
Through CysLT1R

by

Alex Jonathan Portillo

Master of Science in Biology

University of California, San Diego, 2017

Professor Taylor A. Doherty, Chair
Professor Li-Fan Lu, Co-Chair

Group 2 Innate Lymphoid Cells (ILC2s) are newly discovered lymphocytes
that play a vital role in helminth immunity and have been recently implicated in
allergy. ILC2s produce type 2 cytokines IL-5 and IL-13, which orchestrate the
development of mucus production, bronchoconstriction, and airway inflammation.
Leukotriene C4 (LTC4) is a bioactive lipid and parent CysLT of LTD4 and LTE4.

viii

LTC4 and LTD4 are capable of binding to the ILC2 surface through CysLT1R and
CysLT2R. Interleukin-33 (IL-33) is a cytokine secreted by bronchial epithelial cells
that induces type 2 cytokines by group 2 innate lymphoid cells (ILC2s), resulting in
many features present in asthma. Both CysLTs and airway epithelial derived cytokines
are independently important in hypersensitivity diseases, including allergic asthma but
few studies have investigated the effects of combinations of mediators. Our studies
demonstrate that mice administered with both LTC4 and IL-33 have enhanced
eosinophilia, airway inflammation, ILC2s, and type 2 cytokines compared with mice
given IL-33 or LTC4 alone. Furthermore, RAG2-/- mice, which lack T and B
lymphocytes but contain ILC2s exhibited ILC2 expansion and increased TH2 cytokine
production in response to the combination of IL-33 and LTC4. IL-7R-/- mice, which
lack all lymphocytes, were resistant to lung inflammation. Lastly, using CysLT1R-/and CysLT2R-/- mice, we determined that LTC4 potentiated IL-33 induced airway
inflammation and lung ILC2 regulation was dependent upon CysLT1R. New findings
into mechanisms of ILC2 activation may lead to the discovery of novel treatments for
asthma and other forms of allergic inflammatory diseases.

ix

INTRODUCTION

Asthma is a chronic airway inflammatory disease affecting 300 million people
worldwide, who have symptoms of wheezing, coughing, chest tightness, and shortness
of breath when exposed to triggers such as allergens or viruses. The pathogenesis of
asthma characterized by airway hyperresponsiveness, bronchial inflammation, mucus
secretion, and airway remodeling in small and medium airways1. The key cells
conventionally considered to be involved in the pathogenesis of asthma include
activated helper T (TH2) lymphocytes, macrophages, mast cells, eosinophils, and
basophils. Importantly, the very recent discovery of group 2 innate lymphoid cells
(ILC2s) has changed paradigms of type 2 inflammatory responses and ILC2s are now
considered major players in allergic disease with downstream activation and
recruitment of mast cells and eosinophils. Mast cells and eosinophils are granulocytes
that when activated, release a range of molecules that exacerbate airway
inflammation2, 3.
Eosinophils in particular have been found to be heavily implicated in asthma as
studies have shown that severe asthmatics exhibit increased eosinophil levels in
peripheral blood, lungs, and bronchoalveolar lavage (BAL) fluid and severe
asthmatics administered anti-IL-5 treatment (prevents eosinophil production) have
significant reductions in severe exacerbations4, 5. Upon degranulation, eosinophils
release cytotoxic enzymes known as major basic protein, eosinophil peroxidase, and
eosinophil cationic protein which promote tissue damage and impairment6.
Eosinophils also dispense a host of inflammatory mediators such as reactive oxygen
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species (ROS), leukotrienes, prostaglandins, and a wide range of interleukins6-8.
Classically, CD4+ TH2 cells were thought to be the major cell type responsible for
type 2 cytokines interleukin (IL)-4, IL-5, and IL-13, all which play a role in the
development of airway inflammation9, 10. However, recent studies in humans and
animal models suggest that TH2 cytokines are also rapidly produced by lung ILC2s11.
IL-4 is a key regulator in T cell proliferation, B cell activation, and is
responsible for B cell isotype switching from IgM to IgE, which in turn promotes the
degranulation process through FcεR1 primarily expressed on mast cells and
basophils12. IL-5 is the integral cytokine responsible for the eosinophil generation
from the bone marrow and promotes eosinophil recruitment, activation, and survival.
Studies using IL-5-/- mice have shown IL-5 is absolutely necessary for blood and
airway eosinophilia, and aeroallergen challenged IL-5-/- mice displayed normal
pulmonary function compared with hyperresponsive controls13, 14.
Lastly, IL-13 is identified as a ‘pleiotropic’ interleukin, in which it augments
all the pathophysiologic characteristics of asthma. Studies show that intranasal
administration of IL-13 generated the asthma phenotype in mouse models and elevated
levels of IL-13 protein and mRNA expression have been observed in the BAL fluid of
asthmatics15, 16.
The first studies showing that an innate type 2 response can develop
independent of T cells demonstrated that IL-25 induces a rapid release of type 2
cytokines in mice without B or T lymphocytes, indicating that leukocytes of the innate
immune system may also contribute to allergic lung disease17, 18. Interestingly, recent
findings identify an additional cell type which possesses an analogous function to that
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of the conventional TH2 lymphocyte but without an antigen specific receptor. In 2010,
three independent groups reported a small population of non-B and non-T
lymphocytes that have the capacity of expressing substantial amounts of type 2
cytokines IL-5 and IL-13 as well as varying levels of IL-4, IL-9, and granulocytemacrophage colony-stimulating factor (GM-CSF) in response to helminth infection
and IL-25/IL-33 exposure19-21. Initially, these innate effector lymphocytes were
recognized as natural helper cells, innate helper type 2 cells, and nuocytes; now
collectively known as Group 2 Innate Lymphoid Cells (ILC2s)22. ILC2s express
GATA-3 and RORα, necessary transcription factors for the production of TH2
cytokines and the development of ILC2s, respectively23-25. Despite the fact that ILC2s
originate from common lymphoid progenitors (CLPs), they do not express antigenspecific receptors or common lineage surface markers typically identified on common
lymphocytes such as T, B, NK, and NKT cells26, 27. Initially, ILC2s were found to
reside in mesenteric lymph nodes and peritoneal adipose tissue but more studies
showed their presence in peripheral blood, spleen, liver, skin, GI tract and respiratory
tract18, 19, 21, 28. They have also been found in the nasal polyps of patients with chronic
sinusitis as well as patients suffering from eosinophilic esophagitis and in the sputum
of asthmatic children29-31.
ILC2s were first showed to be activated by three epithelial derived cytokines,
IL-25, IL-33, and thymic stromal lymphoprotein (TSLP) that are highly expressed in
response to tissue injury, infection, and presence of allergen17, 32, 33. IL-33 in particular
has been strongly associated with allergic inflammation and recent reports have
demonstrated that increased levels of IL-33 promote airway remodeling and
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eosinophilic inflammation, suggesting an important role in asthma34, 35. Following
epithelial tissue injury, IL-33 is secreted and interacts with the heterodimeric toll-like
receptor T1/ST2 (IL-33R) located on TH2 lymphocytes, mast cells, and ILC2s. Studies
have shown that IL-33R-/- mice do not develop type 2 lung inflammation in response
to dust mite allergen challenges while IL-17RB-/- (IL-25R) mice do, indicating that IL33 may be a more potent cytokine for ILC2 activation36, 37. IL-33 induced activation of
T1/ST2 stimulates the MyD88-dependent pathway leading to p38 MAPK, Erk, and
mTOR phosphorylation38-40.
Eicosanoids such as prostaglandins and cysteinyl leukotrienes (CysLTs) also
play a pivotal role in allergic diseases as lipid inflammatory mediators. These
bioactive lipids contribute in asthma due to their smooth muscle constriction and proinflammatory properties41. Notably, CysLT levels have been found to be significantly
increased in asthmatics, and human subjects exhibit bronchial constriction following
CysLT administration by inhalation42. Additional studies have detected elevated levels
of CysLTs in urine, bronchoalveolar lavage fluid, and sputum43, 44. Synthesis of
CysLTs requires the release of arachidonic acid from the cell membrane and
conversion to leukotriene A4 by 5-lipoxygenase (5-LO). LTA4 is processed into the
parent CysLT, leukotriene C4 (LTC4) by LTC4 synthase. LTC4 is subsequently
converted to LTD4 followed by LTE4, the most stable CysLT45, 46 . Studies have shown
that LTC4 synthase-deficient mice had a marked reduction in lung eosinophilia when
challenged with OVA and a diminished type 2 immune response induced by house
dust mite47, 48.
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Synthesis and secretion of CysLTs occurs in a variety of immune cells, including mast
cells, eosinophils, basophils, macrophages, endothelial cells, and T lymphocytes43.
The two principle surface receptors recognized by CysLTs are CysLT1R and
CysLT2R, although recent reports have shown that LTE4 associates with receptors GProtein Coupled Receptor 99 (GPR99) and Purigenic Receptor P2Y12 (P2RY12) as
well49. LTC4 and LTD4 bind to CysLT2R with equal affinity, while LTD4 binds
strongest to CysLT1R44 and when activated, are able to activate phospholipase C
(PLC) resulting in Ca2+ influx from the endoplasmic reticulum50. Expression of
CysLT1R and CysLT2R is observed in bronchial smooth muscle cells and a variety of
leukocytes. Our lab discovered that ILC2s express CysLT1R on their surface and
LTD4 induced mouse lung ILC2 expansion and production of TH2 cytokines51.
Given the independent and critical importance of cysteinyl leukotrienes and
IL-33 in asthma, we sought to characterize whether these two mediators functioned
synergistically in the development of airway inflammation through ILC2 activation
and production of type 2 cytokines, IL-5 and IL-13. Moreover, we assessed the role of
CysLT1R and CysLT2R in this potential cooperative effect between IL-33 and
CysLTs. To answer these aims, WT, CysLT1R-/- and CysLT2R-/- mice were subjected
to intranasal challenges of IL-33, LTC4, or a combination of both. Endpoints included
ILC2 proliferation, cytokine production, airway inflammation, and BAL levels of
eosinophils and TH2 cytokines.
Despite being a recently identified cell-type, current studies have extensively
shown the individual impact of inflammatory mediators such as IL-33 on ILC2s. How
multiple mediators including IL-33 and CysLTs regulate ILC2 function remains
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unclear. In inflammatory conditions such as asthma and especially in situations such
as an asthmatic exacerbation, an assortment of lipid mediators and cytokines run
rampant and the attenuation of both may lead to the augmented symptoms in
asthmatics.

MATERIALS AND METHODS

Mice
6-8-week-old wild-type (WT) C57BL/6, RAG2-/-, and IL-7R-/- mice were acquired
from Jackson Laboratories (Bar Harbor, ME) and bred in house. Dr. Yoshihide
Kanoka of the Brigham and Women’s Hospital in Boston, MA provided the
CysLT1R-/- and CysLT2R-/- mice; also bred in house. All mouse strains used were bred
on a C57BL/6 background and all experiments were approved by the UC San Diego
Institutional Animal Care and Use Committee.

Intranasal Administration
WT, RAG2-/-, IL-7R-/-, CysLT1R-/-, and CysLT2R-/- mice were anesthetized using a
1:1 ratio of isofluorane and O2. On days 0, 1, and 2, mice were given intranasal (IN)
challenges with either a PBS control, 100ng IL-33 (eBioscience, San Diego, CA),
100ng LTC4 (Cayman chemical, Ann Arbor, MI), or 100ng IL-33 with 100ng LTC4.
All samples were resuspended in PBS before IN administration.

BAL Collection and Processing
On day 3, 24 hours after the last IN challenge, mice were euthanized using CO2 gas. A
catheter was placed into the trachea and ~0.5mL of 2% BSA (Sigma-Aldrich, St.
Louis, MO) was flushed into the lungs, collected, and stored at -80°C for detection of
airway cytokines using ELISA at a later time. ~3mL of subsequent flushes of BSA
were collected separately. The BAL was centrifuged at 4°C for 5 minutes at 1500RPM
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(Beckman Coulter, Carlsbad, CA), supernatant removed, and re-suspended in 500uL
RPMI (Life Technologies, Carlsbad, CA) for a total BAL cell count using an Accuri
C6 flow cytometer (BD Biosciences, San Diego, CA).

Lung Harvest and Processing
Following BAL collection, the lungs were removed and digested using a gentleMACS
dissociator (Miltenyi Biotec, San Diego, CA) per the manufacturers protocol. The
lungs were then filtered, centrifuged, and re-suspended in 2mL RPMI (Life
Technologies). Lung cell totals were calculated using the Accuri C6 flow cytometer
(BD Biosciences).

Cell Culture
Lung cells were cultured (~5x105 cells per well) with 10ng/ml of IL-2 and IL-7
(eBioscience), GolgiPlug (BD Biosciences), T cell media (TCM). TCM was composed
of RPMI supplemented with Penicillin/Streptomycin, 10% fetal bovine serum (FBS),
glutamine, and β-mercaptoethanol. Cells were collected 16-18 hours of being in
culture for intracellular staining.

Flow Cytometry
The BAL cells were stained for eosinophils using the following antibodies: CD11cFitC (BD Biosciences), CD45.2-PerCP (eBioscience), GR1-APC (BioLegend, San
Diego, CA), and SiglecF-PE (BD Biosciences). Eosinophils are identified as Siglec F+
CD11c negative GR-1 negative granulocytes.
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Lung cells collected from culture were stained for ILC2s using a lineage cocktail that
included FITC-conjugated CD3, GR-1, CD11b, CD45R, Ter119, TCRγ/δ, FCεR1α
(Biolegend), CD11c, CD5, NK1.1 (BD Biosciences), and TCRβ (eBioscience),
CD45.2-PerCP, and Thy1.2-APC (eBioscience). Lung ILC2s were identified as
lineage-negative Thy1.2 positive lymphocytes. ILC2 proliferation was assessed with
an anti-mouse Ki67 antibody conjugated with eFluor-660 (eBioscience) and a FoxP3
intracellular staining kit per the manufacturers protocol (eBioscience). Following lung
cell culture, ILC2 cytokine production was analyzed using aforementioned ILC2
surface staining, anti-bodies against IL-5, IL-13, and IgG1 isotype control all
conjugated with PE (eBioscience) using a BD intracellular staining kit per the
manufacturers protocol (BD Biosciences).

ELISA
Initial flush of BSA collected from the BAL was centrifuged at 4°C for 5 minutes at
1500RPM (Beckman Coulter) and the supernatant taken. The supernatant was used to
detect airway cytokines IL-5 and IL-13 by ELISA (R&D Systems, Minneapolis, MN)
per the manufacturers protocol. ELISA samples were read on a model 680 microplate
reader (Bio-Rad, Hercules, CA) at 450nm with correction at 550nm.

Histology
For some experiments, the left side of the mouse lung was fixed by perfusion with 4%
paraformaldehyde prior to sectioning and staining. Hematoxylin and Eosin (H&E)
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staining was performed at the Histology Core at the UC San Diego Moore’s Cancer
Center (La Jolla, CA).

qPCR of sorted ILC2s
WT mice received three or four 25µg intranasal Alternaria challenges over 9-10 days
prior to FACS sorting in order to expand ILC2s. Sorting of ILC2s (CD45+ lineagenegative Thy1.2 positive lymphocytes) was performed using a FACS Aria cell sorter
(BD Biosciences). FACS sorted lung ILC2s, CD4+ T1/ST2+ and CD4+ T1/ST2- cells
were lysed using TRIzol (Life technologies) to isolate RNA. An aliquot of total RNA
(0.5 μg) was reverse-transcribed to cDNA using the Transcriptor First Strand cDNA
Synthesis kit (Roche Diagnostics, Germany) following the manufacturer’s
instructions. Diluted cDNA was subject to real-time PCR using SYBR Green I master
(Roche Diagnostics) and the RT – PCR – specific primers. The oligonucleotide primer
sequences were as follows: CysLT2R forward
TGCTTTTGGAAGAGAGAAGAGTCCA,

CysLT2R

reverse

AATGATACACATCCTTCCCCAGGA,

P2Y12

forward

CCCGGAGACACTCATATCCTT, P2Y12 reverse GTCCCAGGGGAGAAGGTG,
GPR99 (OXGR-1) forward GTGACACCTGGGCTTCTAC, GPR99 (OXGR-1)
reverse CTCCACCAGCCTCAGAAACT, L32 forward GAA ACT GGC GGA AAC
CCA, and L32 reverse GGATCTGGCCCTTGAACCTT. Data are presented as
normalized to housekeeping gene L32 using Roche LightCycler 480 (Roche
Diagnostics).
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Data Analysis
Flow cytometry data was analyzed using FlowJo version 7.8 (Tree Star, Ashland, OR)
and ELISA data was analyzed using Microsoft Excel 2016.

Statistics
Statistical analysis was performed using GraphPad Prism version 6 (GraphPad, La
Jolla, CA). The Mann-Whitney U test was utilized for all experiments and statistical pvalues less than 0.05 were considered significant.

The materials and methods, in part, has been submitted for publication of the material
as it may appear in “Leukotriene C4 Potentiates IL-33 Induced ILC2 Activation and
Lung Inflammation” in the Journal of Immunology, 2017. Sean J. Lund, Alex J.
Portillo, Rachel E. Baum, Kellen Cavagnero, Amit Mehta, Michael Croft, David H.
Broide, Taylor A. Doherty. The thesis author was a co-author on this paper.

RESULTS

LTC4 enhances IL-33 induced lung inflammation
Previous work has shown that ILC2-mediated type 2 lung inflammation is
induced by IL-3337. Utilizing doses of 400ng to 4µg of IL-33 induces an immense
response of lung inflammation with robust airway eosinophilia34, 52. To evaluate for
potential cooperative effects of LTC4 with IL-33, we used a lower dose of IL-33
(100ng) for all challenges that included IL-33. WT mice were challenged with either
PBS, IL-33, LTC4, or both IL-33 and LTC4 over the course of 3 days. On day 4, mice
were euthanized and the BAL and lungs were collected for analysis of airway
inflammation. Airway eosinophilia was elevated in mice that were administered 100ng
of IL-33 in comparison to the PBS control and the LTC4 conditions, which both had a
negligible effect on BAL eosinophils. In contrast, mice administered with the
combination of IL-33 and LTC4 exhibited an elevated in response over all conditions
(Figure 1A). Further, the combination of IL-33 and LTC4 induced increased levels of
IL-5 and IL-13 compared to IL-33 alone as well (Figure 1B-C). Lung sections
displayed increased inflammatory cell infiltrate surrounding the bronchioles when
given IL-33 and LTC4 compared with IL-33 alone (Figure 1D).
Type 2 inflammation in allergy and asthma has been long established to be
directly linked to adaptive immunity. Due to this, it was necessary to determine if the
immune responses induced by IL-33 and LTC4 were a result of innate mechanisms
and not TH2 lymphocytes. To test this, RAG2-/- mice, lacking B and T lymphocytes
and IL-7R-/- mice, which are devoid of all lymphocytes including ILC2s, underwent
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IL-33 alone or IL-33 and LTC4 challenges53, 54. Airway and lung eosinophils were
increased in RAG2-/- mice challenged with IL-33 and LTC4 in comparison to IL-33.
The BAL of IL-7R-/- mice show no influx of eosinophils, as expected (Figure 1E).
Lastly, airway TH2 cytokines were also elevated in RAG2-/- mice with the combination
of IL-33 and LTC4. In contrast, IL-7R-/- mice treated under both conditions displayed
nonsignificant IL-5 and IL-13 accumulation (Figure F). Based on these results, LTC4
promotes IL-33-induced lung inflammation in mice lacking B and T lymphocytes (but
have ILC2s), but fail to mount a response in mice without ILC2s, supporting that
ILC2s participate in type 2 inflammatory responses to LTC4 and IL-33.

LTC4 potentiates IL-33 induced ILC2 expansion and type 2 cytokine generation
Past results have established that IL-33 is directly responsible for orchestrating
type 2 responses in innate immunity but have never evaluated for potential synergistic
effects of CysLTs36, 55. Following the aforementioned protocol, WT mice challenged
with a combination of IL-33 and LTC4 had an increase in total lung ILC2s in
comparison to mice given IL-33 alone (Figure 2A). Total proliferating ILC2s as well
as ILC2s producing IL-5 were higher in IL-33 and LTC4 challenged mice in
comparison to IL-33 alone (Figure 2B-C). The percentages of total ILC2s, expanding
ILC2s, and type 2 cytokine-producing ILC2s reflected the total numbers (Figure 2DF).
We further sought to examine ILC2 endpoints utilizing RAG2-/- mice
challenged with IL-33 and LTC4 to exclude contributions from adaptive immunity.
Total numbers of ILC2s, ILC2 proliferation, and IL-5 producing ILC2s were all
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elevated in the RAG2-/- group challenged with both IL-33 and LTC4 in comparison to
IL-33 alone. IL-7R-/- mice were used as controls for levels of eosinophils and lung
inflammation as they lack ILC2s (Figure 3A-C). In figure 2, percentages of total
ILC2s, Ki67+ ILC2s, IL-5+ and IL-13+ ILC2s are elevated in RAG2-/- groups
administered with IL-33 and LTC4 together versus IL-33 only. As expected, IL-7R-/mice showed an absence in ILC2s (Figure 3D-F). Using WT, RAG2-/-, and IL-7R-/mice we found that LTC4 plays a role in IL-33 induced ILC2 activation and expansion
independent of adaptive immunity.

CysLT1R, not CysLT2R, regulates LTC4 potentiation of IL-33 induced lung
inflammation
Lipid inflammatory mediators such as CysLTs are known to cause lung
inflammation44. In order to investigate the potential functions of CysLT1R and
CysLT2R in lung inflammation due to LTC4 and IL-33, we utilized WT, CysLT1R-/-,
and CysLT2R-/- mice with the previously mentioned protocol. WT and CysLT2R-/mice challenged with both IL-33 and LTC4 exhibited a substantial increase in BAL
and lung eosinophil levels while CysLT1R-/- mice did not develop the increased
eosinophilia (Figure 4A-B). Moreover, WT and CysLT2R-/- lung sections showed
peribronchial inflammatory cell infiltration that was not observed in the CysLT1R-/mice lungs (Figure 4C).
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CysLT1R, not CysLT2R, regulates LTC4 potentiation of IL-33 induced ILC2
activation
Recent studies demonstrate that LTD4 enhances type 2 cytokine production of
ILC2s through CysLT1R51. Additionally, LTE4 was previously reported to require
GPR99 and P2RY12 to elicit inflammatory responses56, 57. There has not been
previous evidence that CysLT2R can be expressed on the ILC2 surface. To further
characterize ILC2s, qPCR was performed for CysLT2, P2Y12, and GPR99 mRNA
expression on sorted mouse lung ILC2s. CysLT2 mRNA expressed in ILC2s was at
high levels in comparison to CD4+ T1/ST2- and CD4+ T1/ST2+ lung cells
(Supplementary Figure 2A). Furthermore, ILC2s also exhibited a large increase in
P2Y12 mRNA over CD4+ T1/ST2+ lymphocytes and confirmed to have P2RY12 on
ILC2s by FACS (Supplementary Figure 2B). GPR99 mRNA expression was not
identified in ILC2s.
WT and CysLT2R-/- mice challenged with IL-33 in combination with LTC4
display elevated percentages of lung ILC2s as well as proliferating ILC2s compared to
the decreased percentages from challenge with IL-33 alone. Furthermore, CysLT1R-/mice challenged with either IL-33 and LTC4 or IL-33 alone showed no change in
percentages of lung ILC2s and Ki67+ ILC2s (Figure 5A-B). In accordance with this,
total lung ILC2 numbers and total proliferating ILC2s were increased in the WT mice
challenged with the combination of IL-33 and LTC4 over the CysLT1R-/- group.
Along with the findings of ILC2 expansion, type 2 cytokines IL-5 and IL-13
were increased in the BAL supernatants. ILC2s were also increased in WT and
CysLT2R-/- mice given IL-33 in addition to LTC4 compared with reduced levels in
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CysLT1R-/- mice (Figure 6A-B). Lastly, percentages of type 2 cytokine producing
ILC2s show a familiar trend. (Figure 6C-D). These findings suggest LTC4
potentiation of ILC2 proliferation and production of IL-5 and IL-13 is contingent upon
CysLT1R activation.

The results, in part, has been submitted for publication of the material as it may appear
in “Leukotriene C4 Potentiates IL-33 Induced ILC2 Activation and Lung
Inflammation” in the Journal of Immunology, 2017. Sean J. Lund, Alex J. Portillo,
Rachel E. Baum, Kellen Cavagnero, Amit Mehta, Michael Croft, David H. Broide,
Taylor A. Doherty. The thesis author was a co-author on this paper.

DISCUSSION

Our studies demonstrate that IL-33 induced lung inflammation, ILC2
proliferation, and production of IL-5 and IL-13 is further enhanced by the presence of
LTC4. We show that IL-33 administration in combination with LTC4 leads to an
increase in ILC2 proliferation, generation of type 2 cytokines, and airway eosinophilia
in WT mice in contrast to WT mice challenged with IL-33 or LTC4 independently.
Asthma and other inflammatory diseases have been traditionally thought to be T cell
driven, TH2 cells are known to produce the surge of type 2 cytokines responsible for
promoting the pathogenesis of asthma. Using IL-7R-/- mice that do not produce any
lymphocytes, and RAG2-/- mice which lack conventional lymphocytes but generate
ILC2s53, 54, we were able to demonstrate that this LTC4 enhanced IL-33 induced
response was likely due to ILC2s and was independent of adaptive TH2 cells.
We recently reported that LTD4 has the capacity to activate ILC2s through
CysLT1R, leading to ILC2 expansion and production of IL-5 and IL-1351. Our results
show that ILC2s also possess the ability to express CysLT2R in addition to P2RY12, a
receptor that when bound to LTE4, induces goblet cell metaplasia and IL-13
expression in sensitized mice56, 57. Since LTC4 is able to bind to CysLT1R and
CysLT2R with equal affinity43, we used CysLT1R-/- and CysLT2R-/- to further identify
LTC4 induced ILC2 responses. We found that CysLT1R-/- mice exhibited reduced
pulmonary eosinophilia, ILC2 expansion, and production of type 2 cytokines in
response to IL-33 with LTC4 in comparison to WT and CysLT2R-/- mice, which
presented with significantly elevated levels of each endpoint, indicating CysLT1R is
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necessary for the LTC4 potentiated IL-33 induced system shown. As LTC4 is the
parent CysLT, we must take into account the possibility of in-vivo conversion into
LTD4 and into the most stable form, LTE443. Though LTE4 may interact with
P2RY12 on ILC2s, we still found a decrease in ILC2 activation in CysLT1R-/- mice
suggesting that CysLT1R and not P2RY12 is dominant.
A proposed idea to explain this potentiation is the up-regulation of IL-33 and
T1/ST2 in response to IL-33 and LTC4. Studies on sorted mice lung ILC2s stimulated
with IL-33 exhibit heightened levels of ST2L surface expression58. A separate report
using Aspirin-Exacerbated Respiratory Disease (AERD) mice models, which express
high levels of CysLTs and IL-33, demonstrate a marked decline in BAL IL-33 in
LTC4S-/- mice in response to intranasal challenges of dust mite. Taken together,
Administration of IL-33 may up-regulate ILC2 T1/ST2 expression and LTC4 can upregulate IL-33 expression in-vivo, leading to LTC4 potentiated IL-33 induced ILC2
activation.
Convergent or parallel downstream signaling pathways of T1/ST2 and
CysLT1R activation may be used to promote LTC4 enhanced IL-33 induced ILC2
activation. IL-33 is known as an ‘alarmin’ cytokine, due to its ability to function as an
alarm signal to ILC2s in response to stress factors on the airway epithelium33. Once
released, IL-33 interacts with T1/ST2 on the ILC2 surface and signals through the
MyD88-dependent pathway leading to Erk1/2 activation. Deletion of Spred1, an
Erk1/2 negative regulator, induces an elevation of ILC2 expansion and IL-5 and IL-13
production. In support of this, inhibition of MEK, the subsequent activator of Erk1/2,
leads to reduced ILC2 proliferation and secretion of TH2 cytokines59. CysLTs function
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through CysLT receptors to induce calcium influx, which has been observed in ILC2s
when stimulated with LTD451. Additionally, LTD4-induced ERK1/2 phosphorylation
has been observed in U937 cells, likely mediated by the Gi subunit known to interact
with G-protein coupled receptors such as CysLT1R60.
The PI3Kδ signaling pathway has also been associated with IL-33 and CysLTs.
A recent study demonstrates that PI3Kδ mediates Dectin-2 signaling. Dectin-2 has
been shown to trigger the production of CysLTs and IL-33, and inhibition of PI3Kδ
exhibited a reduction in both inflammatory mediators61. Interestingly, IL-33 induced
MyD88 pathway stimulation also promotes ILC2 IL-5 and IL-13 production through
mTOR phosphorylation, which is regulated by the same PI3Kδ isoform (p110δ). Coadministration with IL-33 and the mTOR inhibitor rapamycin, elicited a diminished
response of eosinophilia and ILC2 activation40. There are many complex factors that
may play a role in the proposed LTC4 enhanced IL-33 induction of ILC2s, and
additional investigation is required in order to understand if there is any intracellular
signaling overlap with the mechanisms implicated in action.
Our findings show that LTC4 potentiates IL-33 induced lung inflammation,
ILC2 activation, and proliferation through CysLT1R. We show that administration of
IL-33 and LTC4 in combination led to pulmonary eosinophilia independent of TH2
lymphocytes, ILC2 expansion, and increases in type 2 cytokine producing ILC2s.
Furthermore, we identify that CysLT1R, not CysLT2R, was responsible for LTC4
enhanced IL-33 induced type 2 immune response. Asthma is a complex and multilevel disease and a wide array of inflammatory mediators are present. Characterization
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of ILC2 function and regulation may lead to the development of more effective
treatment.

APPENDIX: FIGURES

Figure 1 – LTC4 potentiates IL-33 mediated airway inflammation. WT, IL-7R-/- and
RAG2-/- mice were challenged with either PBS, IL-33, LTC4, or a combination of IL33 and LTC4 over the course of 3 days and euthanized on day 4. The BAL and lungs
were collected, processed, and analyzed for airway inflammation. (A) BAL
eosinophils in WT mice. (B, C) IL-5 and IL-13 levels of the BAL in WT mice. (D)
Fixed lung sections stained with H&E in WT mice challenged with PBS, IL-33,
LTC4, or both IL-33 and LTC4. Black scale bar on bottom left of photographs
signifies 100µm. (E) BAL and lung eosinophil levels of IL-7R-/- and RAG2-/- mice
challenged with IL-33 or a combination of IL-33 and LTC4. (F) IL-5 and IL-13 levels
of the BAL in IL-7R-/- and RAG2-/- mice. Data shown are representative of 2-5
experiments with 4 mice per group. * p < 0.05, *** p < 0.005, unpaired t test.
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Figure 2 – LTC4 potentiatiates IL-33 induced ILC2 activation, proliferation, and type
2 cytokine production. WT mice were challenged with either PBS, IL-33, LTC4, or a
combination of IL-33 and LTC4 over the course of 3 days and euthanized on day 4.
The lungs were collected, processed, and analyzed for lung ILC2 activation,
profliferation, and production of type 2 cytokines. (A) Presence of ILC2s in the lungs
of challenged WT mice. (B) Total numbers of Ki-67+ ILC2s in the lungs of
challenged WT mice. (C) Total ILC2s producing IL-5 in challenged WT mouse lung.
(D) FACS plots with percentages of Lineage- Thy1.2+ lymphocytes, characterized as
ILC2s. (E) FACS plots of Lineage-, Thy1.2+, Ki67+ ILC2s and their percentages. (F)
FACS plots of Lineage-, Thy1.2+, IL-5+ or IL-13+ ILC2s and their respective
percentages. Data shown are representative of 5 independent experiments, with 4 mice
per group. * p < 0.05, *** p < 0.005, unpaired t test.
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Figure 3 – LTC4 potentiation of IL-33 induced ILC2 regulation arises in RAG2-/- mice. IL7R-/- and RAG2-/- mice were challenged with either PBS, IL-33, LTC4, or a combination of IL33 and LTC4 over the course of 3 days and euthanized on day 4. The lungs were collected,
processed, and analyzed for lung ILC2 activation, proliferation, and production of type 2
cytokines. (A) Presence of ILC2s in the lungs of challenged IL-7R-/- and RAG2-/- mice. (B)
Total numbers of Ki-67+ ILC2s in the lungs of challenged IL-7R-/- and RAG2-/- mice. (C)
Total ILC2s producing IL-5 in challenged IL-7R-/- and RAG2-/- mice lung. (D) FACS plots
with percentages of Lineage- Thy1.2+ lymphocytes, characterized as ILC2s in IL-7R-/- and
RAG2-/- mice. (E) FACS plots of Lineage-, Thy1.2+, Ki67+ ILC2s and their percentages in
RAG2-/- mice only. (F) FACS plots of Lineage-, Thy1.2+, IL-5+ or IL-13+ ILC2s and their
respective percentages in RAG2-/- mice only. Data shown are representative of 2-3
independent experiments, with 4 mice per group. * p < 0.05, *** p < 0.005, unpaired t test.
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Figure 4 – LTC4 potentiation of IL-33 induced airway inflammation is contingent on
CysLT1R. WT, CysLT1R-/- and CysLT2R-/- mice were challenged with either PBS,
IL-33, LTC4, or a combination of IL-33 and LTC4 over the course of 3 days and
euthanized on day 4. The BAL and lungs were collected, processed, and analyzed for
airway inflammation. (A) BAL eosinophils in WT, CysLT1R-/-, and CysLT2R-/- mice.
(B) Lung eosinophil levels of WT, CysLT1R-/-, and CysLT2R-/- mice. (C) Fixed lung
sections stained with H&E in WT, CysLT1R-/-, and CysLT2R-/- mice challenged with
PBS, IL-33, LTC4, or both IL-33 and LTC4. Black scale bar on bottom left of
photographs represents 100µm. Data shown are representative of 2-5 experiments with
4 mice per group. * p < 0.05, *** p < 0.005, unpaired t test.
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Figure 5 – LTC4 potentiates IL-33 induced ILC2 proliferation dependent on
CysLT1R. WT, CysLT1R-/-, and CysLT2R-/- mice were challenged with either PBS,
IL-33, LTC4, or a combination of IL-33 and LTC4 over the course of 3 days and
euthanized on day 4. The lungs were collected, processed, and analyzed for lung ILC2
induction and proliferation. (A) FACS plots with percentages of Lineage- Thy1.2+
lymphocytes, characterized as ILC2s in WT, CysLT1R-/- and CysLT2R-/- mice. (B)
FACS plots of Lineage-, Thy1.2+, Ki67+ ILC2s and their percentages. (C) Presence of
ILC2s in the lungs of challenged WT, CysLT1R-/-, and CysLT2R-/- mice. (D) Total
numbers of Ki-67+ ILC2s in the lungs of challenged WT, CysLT1R-/-, and CysLT2R-/mice. Data shown are representative of 2-5 independent experiments, with 4 mice per
group. * p < 0.05, *** p < 0.005, unpaired t test.
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Figure 6 – LTC4 potentiates IL-33 induced airway and lung ILC2 cytokine
production and is dependent on CysLT1R. WT mice were challenged with either
PBS, IL-33, LTC4, or a combination of IL-33 and LTC4 over the course of 3 days and
euthanized on day 4. The lungs were collected, processed, and analyzed for aircway
type 2 cytokines and lung ILC2 IL-5 and IL-13. (A) IL-5 and IL-13 levels of the BAL
in WT, CysLT1R-/- and CysLT2R-/- mice. (B) Total ILC2s producing IL-5 and IL-13
in challenged WT, CysLT1R-/- and CysLT2R-/- mouse lung. (C, D) FACS plots of
Lineage-, Thy1.2+, IL-5+ or IL-13+ ILC2s and their respective percentages in WT,
CysLT1R-/- and CysLT2R-/- mice. Data shown are representative of 5 independent
experiments, with 3 mice per group. * p < 0.05, *** p < 0.005, unpaired t test.
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Figure S1 – Parent gating strategy for mouse lung ILC2s. FACS plots shown are from
WT mice challenged with both IL-33 and LTC4. Gating strategy was used for ILC2
experiments.
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Figure S2 – ILC2 express CysLT1R and CysLT2R. WT mice were initially given
intranasal administration of Alternaria alternata to induce proliferation and
aggregation of ILC2s in the lung prior to sorting. RNA was extracted and cDNA was
produced. (A) Relative expression of CysLT2 relative to housekeeping gene L32 in
ILC2 compared to CD4+ T1/ST2+ and T1/ST2- T cells. (B) Relative expression of
P2Y12 as compared to the housekeeping gene L32 in ILC2 compared to CD4+
T1/ST2+ T cells (left) expression of P2RY12 in ILC2 was confirmed by flow
cytometry in WT whole lung cells (right). * p < 0.05, *** p < 0.005 unpaired t test.
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