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Type 2 immunity is important in the generation of protective immune 

responses for worm clearance as well as for the repair and regenerative process that 

occurs following chronic infection and disease. While previous studies show that 

cytokines play key roles in regulating Type 2 inflammation, the role of bioactive lipid 

mediators such as prostaglandin D2 (PGD2) at various mucosal surfaces and how they 

interact with the other activating cytokine pathways in vivo has not being fully 

explored.  

In this thesis, the biology of the PGD2 and its receptor (R) chemoattractant 

receptor-homologous molecule expressed on T helper Type 2 (Th2) cells (CRTH2) 

and their intersection with cytokine-dependent effects was investigated during Type 2 

inflammation in the lung and intestine. First, the interaction between the activating 

cytokine pathway, interleukin (IL)-33-ST2, and the bioactive lipid mediator pathway, 

prostaglandin D2-CRTH2, in the airway mucosa was examined. The data from these 

results demonstrates that CRTH2-dependent effects lie downstream of IL-33, directly 

affecting the migration of group 2 innate lymphoid cells (ILC2s) into inflamed lung 

tissues. Following this, the role of the PGD2-CRTH2 pathway in regulating mucosal 

responses during helminth-induced intestinal Type 2 inflammation were assessed. We 



 

show that PGD2 and its receptor CRTH2, known for their pro-inflammatory role 

during chronic Type 2 inflammation in the lung, have a suppressive role during 

helminth-induced Type 2 intestinal inflammation. CRTH2 deficient mice and chimeric 

mice with CRTH2 deficiency in the non-hematopoietic system infected with 

Nippostrongylus brasiliensis cleared their worms more efficiently and had increased 

intestinal mucin responses compared to their wild type mice (WT) controls. Single cell 

RNA sequencing revealed an enrichment for secretory lineage epithelial cells in the 

small intestine of CRTH2 deficient compared to wild type mice. Critically, small 

intestinal epithelial cells (IECs) and specifically goblet and tuft cells expressed the 

gene that encodes for CRTH2, Gpr44, and murine small intestinal organoids 

stimulated with Type 2 cytokines downregulated expression of goblet cell- and tuft 

cell-associated genes following culture with PGD2, in a CRTH2-dependent fashion.  

Together, these results demonstrate an interaction between the activating IL-33 

pathway and the PGD2-CRTH2 pathway for regulation of Type 2 inflammation in the 

airway mucosa and highlight a novel regulatory effect of the PGD2-CRTH2 pathway 

during helminth-induced Type 2 intestinal inflammation. These studies may inform 

the development and use of therapies for treatment of Type 2 inflammatory diseases. 
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CHAPTER 1 

INTRODUCTION 

The body is constantly exposed to different stimuli, insults and microbes that are 

capable of inducing an inflammatory response in the host. However, most of these 

stimuli and insults are prevented from entering the body through barrier mechanisms 

at different parts of the body. For example, the skin forms a strong barrier that 

prevents entry of different stimuli to the tissue. Similarly, other portals of entry to the 

body such as the oral, nasal and genital openings are protected and lined by mucosal 

barriers that protect the body from various insults and stimuli. Depending on the 

inciting signal, exposure and entry of a foreign stimulus into the body can initiate 

different types of immune responses. These different responses are characterized by 

specific and predominating mediators and cell types that are activated. For example, 

exposure of the airway mucosa and oral mucosal to various stimuli like allergens, 

multicellular parasites and stressor factors lead to the generation of a classic immune 

response termed “Type 2 immunity” (1, 2). This immune response is defined as an 

immune response predominanted by accumulation of Type 2 immune cells, and 

production and release of associated Type 2 cytokines and antibodies. This is different 

from an immune response generated during a Type 1 or Type 17 inflammation (3) 

seen during cancers, autoimmune disorders and exposure to single-celled intracellular 

or extracellular pathogens.  

Type 2 immunity  

Type 2 immune responses are important in the generation of protective immune 

responses for worm clearance during helminth infection as well as for the repair and 
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regenerative process that occurs following chronic infection and disease (1, 2). On the 

other hand, excessive Type 2 immune activation can have pathologic consequences, as 

seen in the development of atopic disease. In this context, the immune system 

responds unnecessarily to innocuous environmental antigens such as pollen, food 

antigens, hair and animal danders that the human body is normally exposed to in 

everyday life. Chronic and repeated exposure to these innocuous substances can lead 

to allergies and tissue damage, such as asthma in the lung (2). Fibrotic Type 2 

responses can also be seen during chronic helminth infection leading to significant 

pathology and loss of tissue function, as seen in chronic infection by Schistosoma 

species (4). Furthermore, the antagonistic effect of Type 2 immunity on Type 1 

immune activation can impact on the efficacy of protective immunity against bacterial, 

and protozoan infections, leading to uncontrolled persistent infection as seen during 

co-infection with Mycobacterium tuberculosis and helminths (5, 6) and promotion of 

tumor growth as seen during cancer in helminth-infected individuals (2). More 

recently, Type 2 immunity has also been shown to be important in tissue homeostasis, 

with key Type 2 immune cells central to important homeostatic functions such as 

barrier maintenance, thermoregulation, tissue adiposity and metabolism (7-12). Thus, 

the Type 2 immune response is integral to maintain steady-state physiology and 

protection against parasitic worm infection, while aberrant Type 2 responses lead to 

allergic disease, tissue fibrosis, increased susceptibility to pathogen exposure and 

tumor growth. Therefore, Type 2-associated diseases and infections have significant 

global health importance, especially since over a third of the world’s population is 

currently infected with parasitic helminths and 45% of morbidity and mortality in 
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developed economies is attributed to pathological tissue remodeling (2, 13-15). As 

such, a complete understanding of the factors that regulate the initiation, maintenance 

and effector functions of Type 2 immune responses have major translational potential. 

This dissertation focuses on new data examining Type 2 immune responses at mucosal 

barriers specifically of the lung and the intestine, with a particular interest in the role 

of the bioactive lipid, PGD2, in the regulation of innate lymphoid cell and epithelial 

cell responses 

Type 2 immune cell responses – Sensing, Initiation, Activation, Effector functions 

and Resolution  

• Sensing 

Various stimuli are capable of evoking Type 2 immune responses. Helminths 

were likely the primary driver of the evolution of Type 2 immune mechanisms, 

and as such their excretory/secretory products are a source of many Type 2-

eliciting Pathogen associated molecular patterns (PAMPs) (16-18). Many 

allergens (such as host dust mites, pollens, chitin, cockroach extract, papain, 

food component, animal danders amongst others) and environmental irritants 

that can be found in the home, workplace, food, and natural environment, and 

can have structural similarities/properties to helminth antigens or are capable 

of acting as unique stimuli for Type 2 immune responses (19-23). Some of 

these allergens like chitin have capacity to induce proteolytic and enzymatic 

properties that can activate the Type 2 immune responses directly (21, 23, 24). 

Other stimuli, like certain protozoa, specific bacterial and viral infections 

(although a Type 2 immune response to these is an exception rather than the 
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canonical response), and even endogenous host molecules and stimuli such as 

oxygen tension, temperature, pH, metabolism or neural inputs, can also induce 

a Type 2 immune response (8, 11, 19, 25-28). 

       Some of these Type 2-inducing stimuli can cause damage at the epithelial 

barrier and metabolic changes within the tissue that can be recognized by cells 

within the tissues (21-23, 25).  In addition, some of these stimuli contain 

PAMPs and damage associated molecular patterns (DAMPs) can be sensed by 

pathogen recognition receptors (PPRs), including Toll-like receptors (TLRs) 2 

and 4, C-type lectins (CLRs), and NOD-like receptors (NLRs) expressed on 

responsive cell types found at mucosal sites, including epithelial cells and 

antigen presenting cells (19, 29, 30). Furthermore, epithelial cell types such as 

the chemosensory tuft cells can sense metabolites, such as succinate, that are 

produced by certain microbes (27, 28, 31). These signals then work to mount a 

Th2-cell-mediated immunity through programming of innate cells like ILC2s, 

dendritic cells (DCs) and basophils (25, 32) and downstream activation of 

adaptive Th2 cells and class-switched B cells (33, 34). In summary, these 

studies suggest that sensing in the context of the Type 2 immune response 

includes a combination of both sensing of PAMPs as well as DAMPs.  

• Initiation/Activation of Immune response 

There are still a lot of unknowns in how the stimuli sensed and recognized by 

the different epithelial cell types lead to activation of a Type 2 immune 

response. However, emerging studies are beginning to show roles for cellular 

stress, injury, necrosis, proteolytic cleavage and maturation and receptor 
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mediated mechanisms in the release of activating factors to initiate Type 2 

immune response (23, 25, 27, 28, 31, 35-37). Activation of a Type 2 immune 

response is usually initiated by release of epithelial derived factors such as IL-

25, thymic stromal lymphopoietin (TSLP) and IL-33. Such factors can directly 

activate innate effector cells like ILC2s, eosinophils, basophils and mast cells 

that are resident at mucosal surfaces (17, 25, 38-40). In addition, sensing of 

Type 2 stimuli also lead to release of other danger signals, including the high-

mobility group box 1 (HM-GB1) protein, ATP, uric acids and dsDNA that also 

function as initiators of Type 2 inflammation(30).  These danger signals can 

activate dendritic cells (DCs) and other innate immune cells like basophils, 

mast cells and ILC2s(30, 41). Epithelial cells can also release 

chemoattractants, such as the chemokines C-C motif ligand (CCL)17 and 

CCL22, the eotaxins CCL-11, CCL-24 and CCL-26, and the lipid mediator 

PGD2 (25). Release of chemotactic factors recruits Type 2 innate immune cells 

into the tissue site in response to inflammation. Once this cascade is activated, 

this leads to a feedback loop that induces the production of other factors such 

as neuropeptides, growth factors and survival cytokines that act to sustain and 

perpetuate this immune response. (summarized in Table 1 from (40)). For 

example, IL-5, one of the effector cytokines released by activated immune 

cells, can act directly on nociceptors to induce the release of neuropeptides like 

vasoactive intestinal peptide, which can then act back on effector cells like 

ILC2s and Cluster of Differentiation (CD)4+ T cells (42). A similar trend holds 

true for survival and growth cytokines like IL-2, IL-3, IL-5, IL-7 and 
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granulocyte-macrophage colony-stimulating factor (GM-CSF), which are 

secreted by activated immune cells and can act back on granulocytes and 

lymphoid cells to perpetuate the immune response (40). In conclusion, 

initiation of Type 2 inflammation is coordinated by a diverse array of soluble 

biochemical factors that act to activate and recruit Type 2 immune cell 

populations to the inflamed tissue.  

• Effector responses 

Following sensing of the stimuli and activation of the Type 2 inflammatory 

process, effector responses from Type 2-associated cells of the innate and 

adaptive system are initiated. Type 2 cytokines and growth factors such as IL-

4, IL-5, IL-9, IL-13 and amphiregulin are produced by cells resident in the 

tissues site and recruited cells from associated lymphoid tissues and 

hemopoietic sites. These cytokines mediate a host of effector epithelial cell 

responses such as increased epithelial cell turnover, (43, 44) tuft cell 

hyperplasia (26, 45, 46), goblet cell hyperplasia with its characteristic mucin 

and resistin-like molecule (RELM)-β production (47-51) as well as increased 

gut permeability and motility (52). Collectively, these processes lead to the 

“weep and sweep” response characteristic of a Type 2 immune response that 

mediates accelerated clearance of the worm and the symptoms seen during 

exposure to an allergen. 

Type 2 inflammation also results into production of antibodies like IgE that 

can be deposited on high-affinity FCε receptors present on mast cells and 

basophils. Crosslinking of these cell surface IgE receptors by antigens on these 
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Type 2 inflammatory cells leads to degranulation and release of preformed 

mediators including histamine, eicosanoids, cytokines, substance P and various 

proteases(53). Release of some of these products can also be mediated in mast 

cells and basophils by IgE-independent factors, including epithelial cell 

derived cytokines (such as IL-33), growth factors and Type 2 cytokines (such 

as IL-3 and IL-9), PPR activation pathways, as well as release of neuropeptides 

(53-55). Mast cell/basophil derived mediators can act on endothelial cells to 

cause increased vascular permeability and oedema, on airway smooth muscle 

to cause bronchoconstriction, on intestinal smooth muscles to promote 

increased intestinal motility and diarrhea, and on extracellular matrix proteins 

to remodel the connective tissue matrix(56). 

Furthermore, Type 2 cytokines like IL-4 and IL-13 from ILC2s, CD4+ Th2 

cells, basophils, eosinophils and mast cells can also polarize macrophages and 

recruited monocytes towards an “alternatively activated” phenotype that has 

wound healing and repair properties (1). These alternatively activated 

macrophages produce a range of growth factors that promote local tissue 

fibroblast proliferation, differentiation and activation, as well as epithelial and 

endothelial cell repair thereby initiating the resolution phase of the response.  

• Resolution of Type 2 inflammation 

In health, following an inflammatory episode, all tissues need to resolve back 

to a state of homeostasis. This was previously believed to be a passive process; 

however, findings in the past decade show that the resolution phase following 

inflammation is an active process involving both cellular and biochemical 
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processes, rather than simply a withdrawal of inflammation (57). In the 

absence of successful resolution, persistent and chronic inflammation can 

develop, resulting in a state of tissue dysbiosis and fibrosis as seen in asthma 

and Crohn’s disease (58).   

Some of the biochemical processes that are important for the resolution phase 

during inflammation involve the release of specialized pro-resolving mediators 

(SPMs) such as lipoxins, resolvins, protectins and maresins (57). In addition to 

these canonical factors, other factors like cyclooxygenase 2 (COX 2) - derived 

PGD2 and its cyclopentenone prostaglandin breakdown products, 15 deoxyΔ12-

14PGJ2 (59, 60), as well as regulatory cytokines such as IL-10 and transforming 

growth factor (TGF)-β, are also important for resolution (58). These 

biochemical factors act to reduce leukocyte migration into tissues sites, reverse 

vasodilation and vascular permeability, reduce pain, enhance macrophage 

phagocytosis of apoptotic polymorphonuclear cells (PMNs) and promote 

wound healing processes through stimulation of fibroblast proliferation and 

remodeling of the extracellular matrix (61). Some of these factors can act 

directly on immune cells to reduce production and release of pro-inflammatory 

cytokines (62). More specifically, during type 2 inflammation, various SPMs, 

such as Lipoxin A4, have been shown to directly act on ILC2s to limit 

production and release of pro-inflammatory cytokines like IL-13 (63). In the 

same vein, other SPMs like Maresin-1 are known to act directly on T 

regulatory (Tregs) cells to limit ILC2 activation (64). While SPMs are 

important in the resolution of Type 2 inflammation, other biochemical factors 
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such as TGF-β and IL-10 produced by T-regulatory cells  are also important in 

the resolution phase of Type 2 inflammation to limit the activation of 

inflammatory cells and to promote the activation of alternatively activated 

macrophages for tissue repair (58).  

On the other hand, there is also a cellular component to the resolution phase, 

with key innate cells such as ILC2s and eosinophils having bimodal roles for 

activation as well and resolution of Type 2 inflammation (63). For example, 

ILC2s are rich sources of pro-inflammatory cytokines like IL-13 (65-67) but 

can also produce amphiregulin that has potent tissue repair functions (68, 69). 

In addition, eosinophils have pro-resolving properties through the production 

of pro-resolving lipid mediators (protectin D1 and resolvin E3) and release of 

the regulatory cytokine IL-10 (63, 70). Other cells such as natural killer (NK) 

cells are also key for the resolution phase of inflammation. NK cells act in a 

NKG2D receptor dependent manner to enhance the clearance of eosinophils 

and antigen specific CD4+ T cells during allergen-induced Type 2 

inflammation (71). Furthermore, the recruitment and activation of other 

phagocytic cells such as monocytes for a non-phlogistic clearance of pro-

inflammatory and apoptotic cells is critical for the resolution of an 

inflammatory process (61). Lastly, Tregs cells that express CTLA-4 can also 

act to inhibit inflammatory responses and cytokine production in cognate 

contact cells (61, 72-75).   
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Fig 1.1 Summary of Type 2 inflammation model  

PGs- Prostaglandins, LTs – Leukotrienes, SPM – Specialized Pro-resolving 

Mediators 

 

Epithelial cell responses are part of the key effector response seen 

during Type 2 inflammation. However, much less is known about how this part 

of the response is resolved. Key factors central to the resolution of epithelial 

responses include the release of IL-22 that has been shown to have a 

pleiotropic effect, being both pro-inflammatory and anti-inflammatory (76). 

IL-22 can act to suppress production of epithelial derived cytokines (76) while 

acting concurrently to induce epithelial cell regeneration following intestinal 

injury (77, 78). Other factors like amphiregulin and trefoil factors also play an 

active role in epithelial cell regeneration and repair following injury (25, 79). 

However, there are a plethora of other non-proteinaceous factors, such as 

bioactive lipid mediators released following mucosal inflammation, whose role 

in resolution of Type 2 inflammation has not being fully characterized.  
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Bioactive Lipid mediators: Prostaglandins – Production, release and effects  

(edited and adapted from Oyesola et al, 2018) 

 

Bioactive lipid mediators includes the eicosanoid leukotrienes, lipoxins and 

prostaglandins that are released under Type 2 and other inflammatory conditions (80-

84). They play a crucial role in all aspects of Type 2 immunity, including in the 

promotion and regulation of Type 2 inflammation (80-85).  

Eicosanoids are synthesized by cyclic oxidation of polyunsaturated fatty acids such as 

arachidonic acids (AAs) and linoleic acids released from membrane phospholipids 

(80-82) in response to various signals such as epithelial cell-derived cytokines, 

damage signals and crosslinking of Fc receptors (41, 86-88). Production of 

eicosanoids is mediated through activation of phospholipase (PLA) enzymes (mostly 

PLA2) that releases arachidonic acids from the membrane phospholipid stores into the 

cytosol for metabolism through three major pathways (Figure 1.1). Metabolism 

through the cycloxygenease (COX) pathway leads to production of prostanoids 

(prostaglandins and thromboxanes); while lipoxygenases (LOXs) induce production of 

leukotrienes (LTs); and finally, cytochrome P450 (CYP) enzymes mediate the 

production of epoxyeicosatrieneoics (EETs) (89).  For synthesis of prostaglandins 

through the COX pathway (Figure 1), COX, a bifunctional enzyme, acts in a 

successive manner to catalyze the bisoxygenation and cyclization of released AA to 

form PGG2 as well as the peroxidation of PGG2 to PGH2 (89). There are 2 main 

isoforms of COX enzymes, COX-1 and COX-2, with COX1 constitutively expressed 

with a housekeeping homeostatic role, while COX2, the inducible cyclooxygenase, is 

important in activating inflammatory processes (90). Formation of various active 
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prostanoids occurs through conversion of PGH2 by various synthases such as 

prostaglandin D synthase (PGDS), prostaglandin E synthase (PGES), prostaglandin F 

synthase (PGFS), prostaglandin I synthase (PGIS) and thromboxane A synthase 

(TXAS), that synthesize PGD2, PGE2, PGF2α, PGI2 (also known as prostacyclin), and  

 

 

 Figure 1.2: Pathway for biosynthesis of Prostaglandins.  
Lemon polygons – Catalytic enzymes; Pink circles – Final lipid pathway products 

PLA2 - Phospholipase, LOX - Lipoxygenase, CYP - Cytochrome P450, COX- 

Cyclooxygenase, PG - Prostaglandin 
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TXA2, respectively. Thus, differential expression of synthases can determine the 

prostanoid profile in the tissue at a specific time point. The various end-products of 

this pathway can be non-enzymatically converted to various other products, depending 

on the tissue state and/or disease process (91, 92). For example, PGD2 can be 

converted to produce PGJ2, Δ12-PGJ2, and 15-deoxy-Δ12,14-PGJ2 (91-93). Some of 

these byproducts bind to an endogenous ligand for the nuclear receptor (peroxisome 

proliferator-activated receptor γ) to inhibit various proinflammatory signaling 

pathway such as monocyte and macrophage activation and apoptosis of T cells, 

sometimes directly opposing the action of the parent prostanoid in a negative feedback 

loop (94-96). This process can complicate interpretation of studies investigating the 

effect of prostanoids including PGD2, as any observation could then be a result of the 

net effect of the prostaglandin itself in conjunction with the effects of by-products 

distal in the pathway. One of the key prostaglandins, produced during Type 2 

inflammation is PGD2 which has being previously highlighted as having a key roles in 

regulation of Type 2 inflammatory responses (40, 97-99).   

PGD2 is produced by both immune and non-immune cells. Immune cell 

sources include mast cells, basophils, dendritic cells, macrophages, T helper 2 

cells(86, 100-103). Platelets and tuft cells can also produce PGD2 (104-106). PGD2 is 

important in the regulation of homeostatic functions in the body such as hormone 

release, body temperature regulation, odor and pain response modulation and 

regulation of mammalian circadian rhythms, as well as regulation of inflammatory 

responses (92). During inflammation, PGD2 can have both pro-inflammatory and anti-

inflammatory roles. The net effect depends on the tissue site, inciting inflammatory 
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signal, the phase of response during inflammation, the cell types present and the 

receptors they express (107, 108).  

This bioactive lipid mediator acts through two different receptors, D prostanoid 

type 1 (DP1) and CRTH2 (also known DP2) (109). Both are G-coupled protein 

receptors, but they have different signal transduction mechanisms (109, 110) and are 

expressed on different cell types, with CRTH2 preferentially expressed on Type 2 

inflammatory cells (111-113). The CRTH2 receptor is expressed by ILC2s (97, 98, 

114-116), eosinophils(111, 117), basophils (111, 118), mast cells (118, 119) and CD4+ 

T cells (110, 112). Numerous studies have focused on how PGD2 and its receptor 

CRTH2 can promote production of Type 2 cytokines and accumulation of receptor-

expressing immune cells in tissues during Type 2 inflammation(83, 98, 109, 110, 113, 

120). However, the role of the PGD2-CRTH2 pathway during helminth-induced 

inflammation as well as the suppressive and/or pro-resolving effects of this pathways 

during Type 2 immunity are just being explored.  

Finally, how other lipid subfamilies, including sphingolipids and steroids, 

regulate immune responses during helminth infection is largely unknown. A recent 

study showed that sphingosine 1 phosphate (S1P)-mediated chemotaxis controls 

redistribution of inflammatory ILC2s during infection with the rodent hookworm 

Nippostrongylus brasiliensis (121), but additional studies will be required to fully 

understand how the diverse array of biological lipids impacts the regulation of Type 2 

inflammation at mucosal surfaces. 

In summary, all these studies suggest there is still a gap in our understanding of 

the role non-proteinaceous factors like prostaglandins play in the regulation of Type 2 
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inflammation, as well as how these prostaglandins interact with cytokine factors in the 

regulation of Type 2 inflammation. These studies will be critical in advancing basic 

knowledge of the pathways that can be targeted to treat disease during Type 2 

inflammatory conditions.  
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Updated table from review article, Oyesola et al., 2018.  

Table1.1 summarizes key mediators important for the activation of innate immune cell during Type 2 immune response  

Factor Function 
Known or proposed direct cellular targets and 

supporting references 

Cellular sources (secreted factors 

only) 

Adenosine Promotes IL-33 production Unclear in vivo  Damaged tissue stromal cells? 

β7 integrin Promotes cell accumulation in the small intestine Mast cells  NA 

CCR3 ligands (ie. eotaxin) Elicits cell migration Mast cells, eosinophils  DCs, macrophages 

GM-CSF Supports cell survival (effect in vivo remain unclear) Eosinophils  
Activated T cells, mast cells, macrophages, 

ILC2s 

IgG Promotes anti-parasite effector responses Mast cells B cells 

IgE Elicits degranulation and promotes Type 2 cytokine production Basophils, mast cells  B cells 

IL-2 Supports cell proliferation and survival ILC2s  T cells, ILCs 

IL-3 Promotes cell differentiation, survival, and activation Basophils, mast cells T cells 

IL-5 Promotes cell accumulation in tissues, survival, and Type 2 cytokine production Eosinophils  Th2 cells, eosinophils, mast cells 

IL-7 Supports cell differentiation and survival ILC2s  Stromal cells 

IL-18 Suppresses cell survival and Type 2 cytokine production Mast cells  
Macrophages, DCs, epithelial cells (active 

or precursor forms) 

IL-25 
Promotes cell accumulation in tissues, activation, and Type 2 cytokine production 

and potentiates degranulation 
Basophils, ILC2s, eosinophils  Tuft cells, granulocytes 

IL-33 
Promotes cell accumulation in tissues, activation, survival, and Type 2 cytokine and 

prostaglandin production or release 
Basophils, mast cells, ILC2s, DCs, eosinophils  Epithelial, stromal and myeloid cells 

Leukotrienes (LTs) Promote cell accumulation in tissues and Type 2 cytokine production ILC2s, eosinophils Mast cells, basophils, eosinophils 

MHC II interactions 
Support cell proliferation, enable interactions with T cells, and promote Type 2 

cytokine production 
Basophils(?), ILC2s, DCs NA 

NMU Promotes cell accumulation in tissues, activation, and Type 2 cytokine production Mast cells, ILC2s, eosinophils Neurons 
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Notch signaling 
Controls cell differentiation and tissue localization and promotes Type 2 cytokine 

production 
Baosphils, mast cells, ILC2s NA 

PGD2 
Promotes cell accumulation in tissues, activation, chemotaxis, and Type 2 cytokine 

production 
Basophils, mast cells, ILC2s, eosinophils Mast cells, tuft cells  

PGE2 Supports Th2 polarizing capacity and promotes IL-33 production DCs  Mast cells 

Sphingosine 1 phosphate Promotes chemotaxis ILC2s 
Platelets, erythrocytes, endothelium, 

hepatocytes 

TL1A 
Promotes cell accumulation in tissues, activation, survival, and Type 2 cytokine 

production 
ILC2s  

T cells, myeloid, epithelial, and endothelial 

cells 

TSLP 
Supports Th2 polarizing capacity and promotes Type 2 cytokine, chemokine, and 

prostaglandin production or release 
Basophils, mast cells, ILC2s, DCs  Epithelial and myeloid cells 

GITR (Glucocorticoid-induced TNFR 

related protein 
Promotes cell proliferation, survival and Type 2 cytokine production ILC2 N/A 

Table 1.1:  Regulators of innate immune cell responses during Type 2 inflammation.  Factors discussed in the text (list not exhaustive) that regulate basophil, mast cell, ILC2, DC, or eosinophil functions. 

Cellular targets with possible cellular sources are also indicated. 
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For the purpose of this dissertation, I will focus on how PGD2 regulates innate 

immune cell responses, specifically those of ILC2s, and Type 2 cytokine-mediated 

effector responses from epithelial cells during helminth infection.   

Group 2 innate lymphoid cells 

 ILC2s are rare recently discovered innate immune cells of the lymphoid 

lineage that are important mediators of Type 2 inflammation during allergic disease 

and helminth infection (65, 67, 122-124). ILC2s do not express markers for T, B, and 

NK cells, or myeloid cell types, but do express various activating receptors like IL-33, 

IL-25, TSLP and the PGD2 receptor CRTH2 (97, 98, 125, 126). These receptors allow 

them to respond in a fast and timely manner to release damage signals in the tissue. 

ILC2s are found at barrier sites of the lungs, intestine, skin as well as in other tissue 

sites like brain and adipose tissue amongst others (67, 122, 127-129). At these sites, 

they serve as an important source of the Type 2 cytokines IL-5, IL-9, and IL-13(65, 

67, 130). ILC2 are also important in the production of other growth factors and 

peptides like amphiregulin (68) and met-enkephalin peptides (10) that allow these 

cells to participate in repair and metabolic functions. ILC2s can be recognized by the 

expression of the receptors for the activating mediators they express (131) which can 

vary depending on the tissue site (132). For example, ILC2s present in the lungs and 

adipose tissue are mostly IL-33 receptor (ST2) positive, those in the skin are mostly 

IL-18 receptor positive and those in the intestine are mostly IL-25 receptor positive 

suggesting the effect of the tissue microenvironment on the surface expression of these 

activating receptors (132). ILC2s increase in number at sites of allergic inflammation 
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(133, 134) and during helminth infection (122, 127, 131, 135) and thus are central in 

the study of Type 2 inflammation. 

Epithelial cell responses 

Epithelial cells at mucosal surfaces are joined by tight junctions to form a 

physical and biochemical barrier at the various portals of entry to the body. The 

epithelium is composed of different specialized epithelial cells that are adapted for 

different immune related functions ranging from sensing of stimuli, activation of 

immune cell stimuli, effector functions, as well as resolution of inflammation. 

Together, all of these functions make epithelial cells a key component of the mucosal 

immune response. In the small intestine, the epithelium is composed of a single layer 

of different specialized cell types organized into crypts and villi. The crypt is made up 

of intestinal stem cell and Paneth cells that that are central for epithelial cell renewal 

and for protection against bacteria exposure through production of antimicrobial 

peptides. The villi are made up of unique cells like the absorptive enterocytes and 

other specialized cells like the tuft cell, goblet cell and enteroendocrine cell.  

Although there are still many unknowns in the different roles epithelial cells 

play during Type 2 inflammation, much progress has been made in the past decade to 

advance our understanding of epithelial biology in this context. However, questions 

such as how various multicellular parasites and antigens are sensed still remains 

unanswered. Recent advances have demonstrated a key role for tuft cells in sensing 

multicellular parasites and changes in their surroundings to initiate an active immune 

response(26-28, 45, 46). These cells have key chemosensory markers that make them 

central to sensing signals in the tissue following exposure to a foreign stimulus (136). 
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In addition, intestinal epithelial cell death that occurs during the Type 2 immune 

response leads to the release of damage signals and activating signals that are central 

to the mucosal immune response loop.  

Epithelial cells including tuft cells are also important in the release of 

activating mediators including epithelial derived cytokines like IL-25, IL-33 and 

TSLP; lipid mediators like prostaglandins; chemokines like CCL17 and CCL22; and 

damage molecular patterns like ATP and uric acid (25, 40). These activating mediators 

then induce the proliferation and activation of resident immune cells in the mucosal 

tissue as well as recruitment of immune cell from other lymphoid sites in the tissue(25, 

40, 137). For example, IL-25, IL-33 and TSLP act on ILC2s to stimulate release of 

canonical Type 2 cytokines such as IL-5, IL-13 that lead to a feed forward loop of tuft 

cell hyperplasia and goblet cell hyperplasia.  

Other epithelial cell types central to Type 2 immunity includes goblet cells that 

produce mucin, trefoil factor 3 and RELMβ and contribute to the formation of mucus 

that acts as a physical and biochemical protective barrier in the intestine (47, 50, 51). 

This could be viewed as a part of the effector arm of the Type 2 epithelial cell 

response that leads to the weep and sweep response characteristic of Type 2 

inflammation.  

Mucins, one of the main goblet cell products and factors important for worm 

clearance is made up of various glycosylated proteins including secretory mucin 

glycoproteins (MUC2) and other epithelial membrane-bound mucins (MUC1, MUC3, 

MUC17) (138). Previous studies have shown that MUC2 is the most abundant 

secreted intestinal mucin, central to the major goblet cell morphology and function 
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with Muc2 deficient mice having altered goblet cell numbers and morphology across 

the length of the intestine (139-141). Like most proteins, mucins are synthesized in the 

endoplasmic reticulum and they undergo various processes including polymerization, 

glycosylation, proteolytic processing amongst others (51, 138, 142, 143). These 

processed mucins are stored in secreted vesicles, where they are can be released 

constitutively or through Ca2+ dependent regulated compound exocytosis 

pathway(143). Mucus production and release is controlled by different mediators 

including cytokines like IL-13, IL-22 and IL-10 (144, 145), bioactive lipids like PGE2, 

cholinergic agonists like acetylcholine, hormones like adrenocorticotropic hormones, 

microbes and microbial products and toxins, reactive oxygen species and component 

of the inflammasome (138, 142-146).  

These factors act to regulate mucin production through transcriptional and/or 

epigenetic regulation of the mucin biosynthetic and secretion pathways. In addition 

some of these factors also act on the various pathways and transcriptional factors such 

as the Notch pathway, Hath1, Klf4/5, Gata4/6 and Spdef that control goblet cell 

differentiation to regulate the lineage specification and function of these cells during 

Type 2 inflammation (138, 142, 147).  However, there is still a lot to be learnt around 

how other factors such as other epithelial cell byproducts or lipids regulate mucin 

production, goblet cell differentiation and survival.
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Research Objective 

Our understanding of the regulation of Type 2 inflammation at mucosal surfaces has 

improved drastically in the past decade. However, there are still some gaps in our 

understanding of the factors that positively and negatively regulate Type 2 

inflammation at mucosal surfaces, particularly related to how bioactive lipid mediators 

like eicosanoids regulate this response. The central aim of this thesis was to 

investigate the function of bioactive lipid mediators like PGD2 that are produced at 

mucosal surfaces during Type 2 inflammation and to better understand how these 

factors interact with other activating cytokine pathways in vivo. The central hypothesis 

for this work was premised on the idea that the some of the Type 2-activating cytokine 

pathways, like IL-33 and its receptor ST2, intersect with the bioactive lipid PGD2 and 

its receptor CRTH2 to regulate Type 2 inflammation. This hypothesis has been tested 

using various immunological and molecular toolsets to demonstrate that there is an 

interaction between these activating cytokine pathways with the PGD2-CRTH2 

pathway, which has, unexpectedly, both pro-inflammatory and a previously 

unidentified anti-inflammatory roles at mucosal surfaces. These findings have 

expanded our understanding of the mechanisms that regulate Type 2 inflammation and 

may inform the development and use of therapies for treatment of Type 2 

inflammatory disease. 
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Summary 

ILC2s are rare innate immune cells that accumulate in tissues during allergy and 

helminth infection, performing critical effector functions that drive Type 2 

inflammation. ILC2s express ST2, the receptor for the cytokine IL-33, and 

CRTH2, a receptor for the bioactive lipid PGD2. The IL-33–ST2 and the PGD2–

CRTH2 pathways have both been implicated in promoting ILC2 accumulation 

during Type 2 inflammation. However, whether these two pathways coordinate to 

regulate ILC2 population size in the tissue in vivo remains undefined. In this 

study, we show that ILC2 accumulation in the murine lung in response to systemic 

IL-33 treatment was partially dependent on CRTH2. This effect was not a result of 

reduced ILC2 proliferation, increased apoptosis or cell death, or differences in 

expression of the ST2 receptor in the absence of CRTH2. Rather, data from 

adoptive transfer studies suggested that defective accumulation of CRTH2-

deficient ILC2s in response to IL-33 was due to altered ILC2 migration patterns. 

Whereas donor WT ILC2s preferentially accumulated in the lungs compared with 

CRTH2-deficient ILC2s following transfer into IL-33–treated recipients, WT and 

CRTH2-deficient ILC2s accumulated equally in the recipient mediastinal lymph 

node. These data suggest that CRTH2-dependent effects lie downstream of IL-33, 

directly affecting the migration of ILC2s into inflamed lung tissues. A better 

understanding of the complex interactions between the IL-33 and PGD2–CRTH2 

pathways that regulate ILC2 population size will be useful in understanding how 

these pathways could be targeted to treat diseases associated with Type 2 

inflammation. 
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Introduction 

ILC2s are rare innate immune cells of the lymphoid lineage that are important 

mediators of Type 2 inflammation during allergic disease and helminth infection1-3. 

ILC2s do not express markers for T, B, and NK cells, or myeloid cell types, but do 

express receptors for IL-33, IL-25, TSLP and the PGD2 receptor, CRTH24-7. ILC2s are 

found in the lungs, intestine, skin, lymph nodes, blood, spleen, bone marrow and other 

tissues1, 2, 8, 9 and are an important source of the Type 2 cytokines interleukin IL-5, IL-

9, and IL-132, 3. ILC2s increase in number at sites of allergic inflammation10, 11 and 

during helminth infection1, 8, 12. Some studies suggest that ILC2s are largely tissue 

resident cells seeded in the tissue early in life8, 13, 14. Thus, such accumulation may be 

due to proliferation of ILC2s that are already in the tissue. However, other studies 

suggest that ILC2s can migrate into tissues from other sites during inflammation6, 8, 15-

19. The mechanisms and pathways that control ILC2 accumulation in tissues and the 

contribution of ILC2 migration into and between tissues during Type 2 inflammation 

are not fully defined. 

 Various mediators act on ILC2s to promote their activation and proliferation 

during Type 2 inflammation20-22. IL-33 is an epithelial- and myeloid cell-derived 

cytokine that is released during Type 2 inflammation23-26. Previous studies have shown 

that exogenous IL-33 treatment can be used to model ILC2-associated allergic airway 

inflammation10-13, 27. ILC2 accumulation in the lung in this model10-13, 27 can be due to 

IL-33-induced ILC2 proliferation in the tissue16, 28, 29, activation of pathways that 

promote the migration of ILC2 progenitors from the bone marrow to the tissue site16 

or recirculation of ILC2s from other tissues sites15.  
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 Levels of bioactive lipids such as PGD2 are also elevated in Type 2 

inflammatory disease states30-33. PGD2 is an eicosanoid derived largely from dietary 

arachidonic acid via the action of COX enzymes and hematopoietic prostaglandin D 

synthase (Hpgds)34-36. During Type 2 inflammation, PGD2 is produced in response to 

an array of cues, with some in vitro evidence suggesting that epithelial cell-derived 

cytokines such as IL-33 can induce PGD2 synthesis and release36, 37. PGD2 is a ligand 

for the receptors DP1 and CRTH2. PGD2 ligation of CRTH2 can drive chemotaxis 

and/or increased Type 2 cytokine production in vitro in Type 2-associated immune 

cells such as ILC2s, CD4+ Th2 cells, eosinophils, basophils, and mast cells6, 38-42. 

CRTH2 deficiency is associated with decreased pulmonary ILC2 accumulation after 

migratory helminth infection6, but the role of the PGD2-CRTH2 pathway in shaping 

ILC2 responses in vivo is not fully characterized. Critically, little is known about how 

cytokines such as IL-33 influence PGD2 production and how CRTH2-dependent 

effects control ILC2 activation in the tissue and migration into tissues in vivo.  

 Based on previous data connecting IL-33 to PGD2 production and the 

importance of CRTH2 in controlling ILC2 accumulation in the lung6, 36, 37, we 

hypothesized that IL-33-induced ILC2 accumulation in the lung is dependent on the 

PGD2-CRTH2 pathway. To test this hypothesis, we treated wild type (WT) and 

CRTH2-deficient (Gpr44-/-) mice with exogenous recombinant murine (rm)IL-33 and 

examined ILC2 responses in the lung. We observed that rmIL-33 treatment resulted in 

upregulation of gene expression of the synthesis enzymes in the PGD2 production 

pathway in WT and Gpr44-/- mice. Further, we observed a partial inhibition of rmIL-

33-elicited ILC2 accumulation in the lung in CRTH2-deficient mice compared to WT 
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mice, which was not a result of reduced proliferation or increased apoptosis or cell 

death of ILC2s. Rather, we found evidence that CRTH2 directly controlled ILC2 

migration to the lung downstream of IL-33, as WT ILC2s preferentially accumulated 

in the lung compared to Gpr44-/- ILC2s following a 50:50 adoptive transfer into rmIL-

33-treated recipient mice. Of note, the sizes of populations of transferred WT and 

Gpr44-/- ILC2s were not different in the draining mediastinal lymph node (MSLN). 

Together, these data suggest that ILC2 population size in the lung during Type 2 

inflammation was coordinated by IL-33 and the PGD2-CRTH2 pathway, with IL-33 

promoting ILC2 proliferation and increasing the capacity to produce PGD2, which in 

turn regulated ILC2 migration patterns via CRTH2. An increased understanding of the 

networks of biochemical mediators that control ILC2 accumulation will inform the use 

and development of drugs that target these factors during Type 2 inflammatory 

conditions such as allergic disease and helminth infection.  
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Materials and Methods 

Mice 

 Female C57BL/6 WT, CD45.1 C57BL/6 and Thy1.1 C57BL/6 mice were 

purchased from the Jackson Laboratories (Bar Harbor, ME) or bred in house. Gpr44-/- 

mice were provided by Amgen Inc. (Seattle, WA) and bred in house. All mice were 

used at 8-12 weeks of age, and all experiments used age-matched controls. Animals 

were housed in specific pathogen-free conditions at the Cornell East Campus Research 

Facilities and/or the Baker Institute for Animal Health or the University of 

Washington South Lake Union 3.1 animal facility. WT and Gpr44-/- female mice were 

co-housed for 2 weeks prior to experimental use. All experiments were performed 

under protocols approved by the Cornell University or the University of Washington 

Institutional Animal Care and Use Committees.  

 

In Vivo Treatments, Type 2 inflammation, and Tissue Preparation 

Mice were treated intranasally (IN) or intraperitoneally (IP) with 250 ng rmIL-

33 (R&D Systems, Minneapolis, MN) or with 200 uL of phosphate buffered saline 

(PBS), every other day for a total of 3 doses. Mice were euthanized on day 6 post-

initiation of treatment. For Nippostronglysus brasiliensis infection, mice were infected 

subcutaneously (SQ) with 500 L3 N. brasiliensis larvae, maintained as described 

previously43, and mice were euthanized at day 2 post-infection.  

For all experiments except where mentioned, the lungs were perfused through 

the apex of the heart before tissue collection. The middle, caudal, and accessory lobes 

of the lungs were collected for flow cytometry or cell sorting, and the cranial left and 
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right lobes were collected for Eenzyme linked immunosorbent assay (ELISA), RNA 

isolation, and histology. For flow cytometry and cell sorting, lungs were digested with 

20 µg/mL DNAase (Roche, Basel, Switzerland) and 2 mg/mL collagenase D (Roche) 

for 20-30 min at 37oC. Bone marrow (BM) was isolated by flushing one tibia and 

femur with cold RPMI 1640 (Corning, Corning, NY) with 1% L-glutamine 

(Corning). Single cell suspensions of lung tissue, BM, MSLNs and mesenteric lymph 

nodes (MLNs) were prepared by mashing the tissues individually through a 70 m 

strainer. Lungs and BM were also red blood cells (RBC) lysed with ACK lysis buffer 

(Lonza, Basel, Switzerland) for 1 min. For peripheral blood mononuclear cell (PBMC) 

isolation, 0.3-0.5 mL of blood was collected with a glass pipette immediately after 

euthanasia into 100 µL of ethylenediaminetetraacetic acid (EDTA). PBMCs were 

isolated using a Ficoll-Paque (GE Healthcare, Uppsala, Sweden) gradient. 

Bronchoalveolar lavage fluid (BAL) was collected by instilling and recovering 1 

mL of room temperature PBS (Corning) into the lung. The BAL was centrifuged at 

1,500 rpm for 5 mins at 4oC and the supernatant was stored at -80oC prior to 

analysis for cytokine levels.     

For cell sorting, single-cell suspensions were prepared from tissues of female 

mice that had been treated IP every other day for 7 days with 5 ng rmIL-7 (R&D 

Systems) plus 30 μg anti-human IL-7 (BioXcell, West Lebanon, NH). On day 6 post-

initiation of treatment, the lungs were collected and digested as described above.  
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Flow Cytometry and Cell Sorting 

Single cell suspensions were incubated with Aqua Live/Dead Fixable Dye 

(Thermo Fisher, Carlsbad, CA) and fluorochrome-conjugated monoclonal antibodies 

(mAbs) against mouse CD3 (17A2), CD4 (GK1.5 or RM4-5), CD5 (53-7.3), CD11b 

(M1/70), CD11c (N418), CD19 (eBio1D3), CD25 (PC61.5), CD45 (30-F11), CD45.1 

(A20), CD45.2 (104), CD127 (A7R34), CD90.2 (53-2.1 or 30-H12), CD90.1 (HIS51), 

CC chemokine receptor (CCR)4 (2612), CD49d (R1-2), CXC chemokine receptor 

(CXCR)4 (2B11), IL-33R (RMST2-2), and/or NK1.1 (PK136) (from ThermoFisher, 

BD Biosciences (San Jose, CA), or BioLegend (San Diego, CA)) for 30 min. For 

measuring apoptosis, cells were also stained with fluorochrome-conjugated Annexin V 

(Thermo Fisher) in Annexin binding buffer. For nuclear staining, cells were fixed 

using fixation/permeabilization buffer (Thermo Fisher), permeabilized using 

permeabilization buffer (Thermo Fisher), and stained with an mAb against Ki67 (B56) 

from BD Biosciences. For intracellular staining, cells were incubated for 4-6 hr with 

10 mg/mL brefeldin A (BFA) from Sigma-Aldrich (St. Louis, MO). Cells were then 

fixed in 2% PFA, permeabilized using BD Perm/Wash buffer (BD Biosciences) 

according to the manufacturer’s instructions and stained with mAbs against IL-13 

(eBio13A) and IL-5 (TRFK5). Samples were run on a 3- or 4-laser LSR II (BD 

Biosciences), a 4-laser Attune (Thermo Fisher), or a 3-laser Gallios (Beckman 

Coulter, Brea, CA) flow cytometer and analyzed using FlowJo 10 (Tree Star, Ashland, 

OR).  

For cell sorting, single cell suspensions were incubated with Aqua Live/Dead 

Fixable Dye (Thermo Fisher) and with fluorochrome-conjugated mAbs against mouse 
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CD3 (17A2), CD5 (53-7.3), CD11b (M1/70), CD11c (N418), CD19(eBio1D3), 

CD45.1 (A20), CD127 (A7R34), CD90.2 (53-2.1), IL-33R (RMST2-2), and NK1.1 

(PK136) (from ThermoFisher or BioLegend) for 30 min. Fully stained cells were 

filtered through a 40 µM filter. ILC2s were gated as live, CD45+, lineage (lin) 

(CD3/CD5/CD11b/CD11c/CD19/NK1.1)-CD90.2+CD127+IL-33R+ (sometimes 

including CD25 as a marker as well) and sorted using a 4-laser FACS Fusion (BD 

Biosciences) with an 85 μm nozzle.  

 

In Vitro Culture 

 5x103 sorted lung ILC2s per well from mice treated with rmIL-7 + anti-human 

IL-7 were cultured at 37C and 5% CO2 in Dulbecco’s modified Eagle’s medium 

(Corning) with 10% fetal bovine serum (Corning), 1% L-glutamine (Corning), 1% 

penicillin/streptomycin (Corning), 25 mM HEPES buffer (Corning), and 55 μM β-

mercaptoethanol (Sigma-Aldrich) with 10 ng/mL rmIL-2 (Thermo Fisher), 10 ng/mL 

rmIL-7 (R&D Systems) and either 30 ng/mL rmIL-33 (R&D Systems), 100 nmol/mL 

PGD2 (Cayman Chemical, Ann Arbor, MI), rmlIL-33 + PGD2, or rmIL-33 + PGD2 + 

the CRTH2-specific inhibitor OC000459 (1 µM)44. PGD2 and OC000459 were 

dissolved in 100 μL DMSO diluted 1:1000 in PBS. Equal volumes of dimethyl 

sulfoxide (DMSO) were added to all the other treatments as a control. On day 3 and 5 

of culture, fresh cytokines were spiked into cultures. On day 6, cells were analyzed by 

flow cytometry. 
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Real-time Polymerase Chain Reaction 

Total lung mRNA was isolated using TRIZOL Reagent (Thermo Fisher), 

according to the manufacturer’s protocol. For MSLNs, mRNA was isolated from 

pelleted cells from single cell suspensions using the Norgen Single Cell RNA 

purification Kit (Thorold, Ontario, Canada) according to the manufacturer’s protocol.  

cDNA was generated using a Superscript II reverse transcription kit (Thermo Fisher), 

and real-time polymerase chain reaction (PCR) was performed using SYBR green 

master mix (ThermoFisher) and commercially available primer sets (Qiagen 

Quantitect primer assays, Qiagen, Germantown, MD). Samples were run on the ABI 

7500 or the AB ViiA 7 real-time PCR system (Thermo Fisher). 

 

Adoptive Cell Transfer 

 Single cell suspensions were prepared from the MSLNs of congenically 

marked WT or Gpr44-/- donor mice that were treated IP with 250 ng rmIL-33 (R&D 

Systems) every other day for a total of 3 doses and were euthanized on day 6 post-

initiation of treatment. 4 × 105 immune cells were combined in a 50:50 equal ratio and 

adoptively transferred IP into each recipient mouse that was pre-treated with either 

PBS or rmIL-33. At day 6 post-initiation of treatment, the percentage and genotype of 

donor ILC2s and CD4+ T cells in the blood, lungs and MSLNs were determined by 

flow cytometry.  
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Histology 

 At necropsy, the left lung lobe was inflated with and stored in 4% 

paraformaldehyde (PFA). Tissues were paraffin-embedded and 5μm sections were 

stained with periodic acid-Schiff (PAS)/Alcian blue. Image acquisition was 

performed using a Zeiss Axio Observer Z1 Carl Zeiss Axio Camera and Zeiss Zen 

Microscope acquisition software (Zeiss, Oberkochen, Germany) with 5X and 20X 

objectives. Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA) was 

used to adjust brightness, contrast, and color balance (changes were applied to the 

entirety of all images equally). Blind scoring was performed. Goblet cell scoring 

reflects presence and distribution of goblets cells in bronchial epithelium (1-5). 

Histology scoring reflects expansion of bronchial associated lymphoid tissues (1-5), 

lymphoid infiltration around the blood vessels (1-5), number of submucosa glands 

(1–5) and accumulation of macrophages/multinucleated giant cells (1–5). These 

scores were added and averaged on a per sample basis.  

 

 

Statistics 

Statistical analysis was carried out using JMP software (SAS, Cary, NC). 

Sample size was determined per group by running a power analysis on preliminary or 

similar datasets using JMP 15 software (alpha=0.05, power=0.8). For some readouts, 

variability and standard deviation is higher than for others, and thus the n required to 

achieve the specified power can differ between readouts. Data were analyzed using 

linear mixed effects models with a fixed effect of experimental group and a random 

effect of experiment day using JMP 15 software. Model assumptions of normality and 
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homogeneous variance were assessed by a visual analysis of the raw data and the 

model residuals. Right skewed data was log or square root transformed as indicated by 

the residuals. Experimental group was considered statistically significant if the fixed 

effect F test p-value was less than or equal to 0.05. Post-hoc pairwise comparisons 

between experimental groups were made using Tukey’s Honestly significant 

differences (HSD) multiple-comparison test. Statistical outliers were identified using 

the extreme studentized deviate method and were omitted before performing the 

mixed model analysis. Graphs of results were shown as mean± standard error of the 

mean (SEM) of untransformed data using Prism version 7 (GraphPad Software, Inc., 

San Diego, CA). 
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Results 

IL-33 induces expression of enzymes in the PGD2 synthesis cascade  

We first sought to determine whether IL-33-elicited Type 2 inflammation is 

associated with an increase in the expression of enzymatic machinery for PGD2 

production in vivo. Employing rmIL-33-induced models of Type 2 inflammation in 

which mice were treated either IP or IN with rmIL-33 three times every other day 

(Fig. 2.1a), we measured gene expression of enzymes in the PGD2 synthesis cascade, 

including genes that encode for Pla2, Cox2 and Hpgds34, 35, in the lungs and MSLN of 

rmIL-33- and PBS-treated WT and Gpr44-/- mice. We observed that IP or IN rmIL-33 

treatment compared to PBS induced a significant increase in expression levels of Pla2, 

no statistically significant increase in Cox2 expression, and a statistically significant 

increase in Hpgds expression in the lung of both WT and Gpr44-/- mice (Fig. 2.1b, c). 

Similar findings were observed in the MSLN (Fig. 2.1b, c). These data suggest that 

rmIL-33 treatment is associated with an increase in gene expression for some players 

in the PGD2 synthesis pathway, possibly increasing the capacity to produce PGD2.    

Lung ILC2 accumulation is partially CRTH2-dependent following multiple 

systemic rmIL-33 treatments  

 Upregulation of expression of genes in the PGD2 synthesis pathway following 

rmIL-33 treatment suggested that IL-33-induced accumulation of ILC2s might be 

partially mediated by the PGD2-CRTH2 pathway. To test this hypothesis, we assessed 

the frequencies and total number of ILC2s in the lung, identified as Live+CD45+lin-  
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Figure 2.1. IL-33 induces expression of enzymes in the prostaglandin D2 synthesis cascade in 
vivo. (a) C57BL/6 WT and CRTH2-deficient (Gpr44-/-) mice were treated intraperitoneally or intranasally 
(IN) 3 times with 250 ng rmIL-33 or PBS every other day. On day 6 post-treatment initiation, mice were 
euthanized and tissues were collected. Real time PCR from total lung homogenate was used to measure 
expression of genes that encode phospholipase A2 (Pla2), cyclooxygenase 2 (Cox2), and hematopoietic 
prostaglandin D2 synthase (Hpgds), all relative to Actβ and normalized to WT treated with PBS following 
(b) IP or (c) IN rmIL-33 treatment. Data are mean±s.e.m; analyzed using a linear fixed effect model with 
pairwise comparison; 2-5 independent experiments; (b) PBS n=7-9 mice, rmIL-33 n=12-16; (c) PBS n=3-
4 or rmIL-33 n=5-6. *P≤0.05, **P≤0.01, ***P≤0.01. 
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CD11b-CD90+CD127+ST2+CD4- cells (Fig. 2.2a), in WT and Gpr44-/- mice following 

multiple systemic (IP) rmIL-33 treatments (Fig. 2.1a). The frequency of CD45+ and 

total number of ILC2s increased in the lungs of WT mice treated with rmIL-33 

compared to WT mice treated with PBS (Fig. 2.2b). This IL-33-elicited ILC2 

accumulation in the lung was significantly reduced in Gpr44-/- compared to WT mice 

(Fig. 2.2b). There was no difference in rmIL-33-induced ILC2 accumulation in the 

lungs between WT and Gpr44-/- mice when rmIL-33 was delivered locally through IN 

administration (Fig. 2,2c), supporting previous studies suggesting that ILC2s do not 

re-circulate through the blood following intratracheal IL-33 administration13. Reduced 

ILC2 population size in Gpr44-/- compared to WT mice following multiple IP rmIL-33 

treatments was also observed in the blood and MLN (SFig. 2.1c-f). Notably, the 

CRTH2-dependent ILC2 accumulation in the lung after multiple IP rmIL-33 

treatments was cell type-specific, as other cell types that express ST2 and/or CRTH2 

such as eosinophils and CD4+ Th2 cells20, 39, 45, 46 accumulated equally in the lung in 

response to ongoing rmIL-33 IP treatment (SFig. 2.1g-i). Strikingly, there was no 

difference in the lung-draining MSLN ILC2 (Fig. 2.2d) frequency and total number in 

response to multiple systemic treatments with rmIL-33 in WT and Gpr44-/- mice (Fig. 

2.2e). 

 These experiments utilized multiple treatments with rmIL-33 and ongoing 

stimulation. However, IL-33 is also released during acute lung injury, including during 

N. brasilensis infection26. To determine how CRTH2 might affect acute IL-33-elicited 

ILC2 accumulation, we compared pulmonary ILC2 accumulation in WT and Gpr44-/- 

mice 2 days after N. brasiliensis infection or 2 days after a single dose of IP rmIL-33. 
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Figure 2.2. ILC2 accumulation in the lung is dependent on CRTH2 following multiple systemic treatments with 
rmIL-33. C57BL/6 WT and CRTH2-deficient (Gpr44-/-) mice were treated intraperitoneally (IP) or intranasally (IN) 3 
times with 250 ng rmIL-33 or PBS every other day. On day 6 post-treatment initiation, mice were euthanized and 
tissues were collected. (a) ILC2s in the middle, caudal and accessory lobes of the lung were gated as Live, 
CD45+lin(CD3/CD5/CD11c/CD19/NK1.1)-CD11b-CD90+CD127+CD4-ST2+. ILC2 percentage of CD45+ cells and total 
ILC2 number in the lung following (b) systemic IP treatment and (c) local IN treatment. (d) ILC2s in the MSLN were 
gated as Live+, CD45+lin-CD11b-CD90+CD127+ST2+. (e) ILC2 percentage of CD45+ cells and total ILC2 number in the 
MSLN following IP treatment. Data are mean±s.e.m; analyzed using a linear fixed effect model with pairwise 
comparison; (b) 8 independent experiments or (c,e) 3 independent experiments; (b) PBS n=9-11, rmIL-33 n=17-20; 
(c) PBS n=5, rmIL-33 n=9; (e) PBS n=4-6, rmIL-33 n=8-9. ***P≤0.001. 
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Two days after infection with 500 larvae of N. brasiliensis (SFig. 2.2a), there was an 

increase in the total numbers of ILC2s in the lungs and blood that was not significantly 

different between WT and Gpr44-/- mice (SFig. 2.2b,c). Similarly, following a single 

dose of IP rmIL-33 (SFig. 2d), there was an increase in the total number of ILC2s in 

the lung that was not different between WT and Gpr44-/- mice (SFig. 2.2e). Taken 

together, these data suggest that CRTH2 partially yet specifically mediates IL-33-

elicited lung ILC2 accumulation during systemic, ongoing Type 2 inflammation, but 

does not affect ILC2 accumulation in the lung-draining LN or during acute or local 

expansion of resident ILC2s in the lungs.    

 

CRTH2 regulates IL-33-induced IL-5 production and Type 2 inflammation in the 

lung but not ILC2-intrinsic cytokine production  

 The PGD2-CRTH2 pathway has been implicated in the regulation of ILC2 

population size6 as well as ILC2 functions that promote Type 2 inflammation4. 

Therefore, we next tested if Type 2 cytokine levels and other parameters of Type 2 

inflammation associated with ILC2 responses that were elicited in the lung during 

ongoing IL-33 stimulation were CRTH2-dependent. Following multiple IP rmIL-33 

treatments, IL-33-induced gene expression of Il5 but not Il13 in the total lung 

homogenate was significantly downregulated in Gpr44-/- compared to WT mice as 

assessed using real-time PCR (Fig. 2.3a). Likewise, IL-33-elicited increases in IL-5 

protein levels were decreased in the BAL in Gpr44-/- compared to WT mice, and an 

IL-33-elicited upregulation in IL-13 levels in the BAL was not detectable at this time 

point (Fig. 2.3b). In addition, analysis of histological sections of the lung stained with 
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PAS/Alcian blue revealed that Type 2 inflammatory goblet cell hyperplasia, expansion 

of bronchial-associated lymphoid tissues, edema, and immune cell infiltration around 

the blood vessels were reduced in Gpr44-/- compared to WT mice following systemic 

IL-33 treatment (Fig 2.3c, d). The defect in global IL-33-elicited Il5 and IL-5 levels in 

the lung and BAL of Grp44-/- mice suggested that the PGD2-CRTH2 pathway might 

regulate ILC2 cytokine production following IL-33 exposure. To test this, we assessed 

spontaneous IL-5 and IL-13 production by ILC2s from WT and Grp44-/- mice 

following IP rmIL-33 treatment ex vivo by intracellular cytokine staining. A small 

percentage of lung ILC2s were single IL-5 producers in PBS-treated mice, and this 

population decreased and was replaced by IL-13 single producers in IP rmIL-33- 

treated mice, with similar patterns observed in WT and Gpr44-/- mice (Fig. 2.3e, f), as 

gated using isotype controls (SFig. 2.3a). These data are in accord with recent single 

cell transcriptional data from activated ILC2s47. Similarly, sort-purified lung ILC2s 

from mice treated with rmIL-7 + anti-IL-7 mAb complexes (which do not promote 

significant cytokine production) demonstrated significant spontaneous production of 

IL-5 and IL-13 in response to IL-33 stimulation in vitro, which was slightly but not 

strongly affected by the presence of PGD2 with or without the CRTH2 inhibitor 

OC000459 (Fig. 2.3g, h). Although, we observed distinct differences in ILC2 cytokine 

production patterns in response to IL-33 stimulation in vivo vs. ex vivo, the PGD2-

CRTH2 pathway did not appear to significantly affect these responses. These results 

suggest that decreased parameters of Type 2 inflammation in the lungs of Gpr44-/- 

mice relative to WT mice following ongoing IP rmIL-33 stimulation could be a result 

of decreased accumulation of ILC2s (Fig. 2.2b) rather than a direct influence of the  
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Figure 2.3. CRTH2 deficiency following systemic, ongoing IL-33 administration in vivo affects Type 2 cytokine 
production. C57BL/6 WT and CRTH2-deficient (Gpr44-/-) mice were treated intraperitoneally (IP) 3 times with 250 ng 
rmIL-33 or PBS every other day. On day 6 post-treatment initiation, mice were euthanized and tissues were collected. 
Expression of (a) Il5 and Il13 in lung homogenates as measured by real time PCR, relative to Actβ and normalized to 
WT treated with PBS. (b) IL-5 and IL-13 protein levels in the BAL measured by ELISA. (c) Representative 
histological sections of lung stained with PAS/Alcian Blue (scale = 50 μM) used for (d) goblet cell scoring and 
overall histology scoring reflecting expansion of bronchial associated lymphoid tissues, lymphoid infiltration 
around the blood vessels, number of submucosal glands and accumulation of macrophages/multinucleated giant 
cells averaged on a per sample basis. (e) Representative plots and calculated (f) distribution of IL-5 and IL-13 
production by lung ILC2s ex vivo following 6 hr incubation with BFA as measured by ICS. (g) Representative 
plots and calculated (h) distribution of IL-5 and IL-13 production by lung ILC2s sort-purified from IL-7 complex-
treated C57BL/6 WT mice, stimulated with 30 ng/mL rm-IL33, 100 nM PGD2 and/or 1µM OC000459 following 4 hr 
incubation with BFA as measured by ICS. Data are mean±s.e.m; analyzed using a linear fixed effect model with 
pairwise comparison; (a) 4 independent experiments, (b) 2 independent experiments, (c-f) 2 independent experiments 
and (g,h) 2-4 independent experiments; (a) PBS n=4, rmIL-33 n=8-9; (b) PBS n=4, rmIL-33 n=6; (c,d) PBS n=4, rmIL-
33 n=6; (e,f) PBS n=4, rmIL-33 n=8-9; (g,h) media n=4, PGD2 n=4, IL-33 n=4, IL-33+PGD2, IL-33+PGD2+OC000459 
n=2. *P≤0.05, ***P≤0.001; significance shown in (h) is for multiple comparisons for the IL-5+IL-13+ group alone. 
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PGD2-CRTH2 pathway on IL-33-elicited ILC2 cytokine production. 

 

Altered ILC2 accumulation in CRTH2-deficient mice following multiple IP 

rmIL-33 treatments is not a result of reduced ILC2 proliferation or increased 

apoptosis  

 Various mechanisms such as cellular proliferation, cell death, apoptosis, and 

migration can control the population size of cell types in tissues during 

inflammation48. Some studies have suggested that ILC2 accumulation in tissues is 

largely due to expansion of the tissue-resident population8, 13. Thus, we next tested if 

CRTH2-dependent differences in ILC2 proliferation, apoptosis, cell death or 

responsiveness to IL-33 proliferation or survival signals via ST2 expression were 

responsible for the impaired ILC2 population expansion elicited by multiple IP rmIL-

33 treatments in Gpr44-/- compared to WT mice, assessed by measuring ILC2 Ki-67, 

Annexin V, and Live/Dead viability dye staining. Multiple IP rmIL-33 treatments 

elicited an increase in the frequency of Ki-67+ lung ILC2s that was similar in WT and 

Gpr44-/- mice (Fig. 2.4a). Similarly, although there were lower frequencies of Annexin 

V+ and dead ILC2s in the lungs of WT and Gpr44-/- mice following rmIL-33 treatment 

(Fig. 2.4b,c), there were no differences between rmIL-33-elicited frequencies of 

Annexin V+ or dead ILC2s in the lung between WT and Gpr44-/- mice (Fig. 2.4b,c). In 

addition, while there was an rm-IL-33-elicited increase of ST2 expression in lung 

ILC2s, this induction was not significantly different between WT and Gpr44-/- mice 

(Fig. 2.4d,e). These studies suggest that the partial abrogation of ongoing IP rmIL-33-

induced ILC2 accumulation in Gpr44-/- mice (Fig. 2.2) is not likely due to reduced 
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proliferation, increased apoptosis or cell death, or differences between in ST2 

expression between WT and Gpr44-/- mice, but rather may be mediated by altered 

ILC2 migration to or retention in the lungs of Gpr44-/- mice.  

 

CRTH2-dependent ILC2 accumulation following multiple IP rmIL-33 treatments 

is not mediated via changes in ILC2 integrin or chemokine receptor expression 

While previous studies have suggested a direct role for PGD2 in the regulation of ILC2 

chemotaxis, especially in vitro6, 40, 42, it is also possible that PGD2 signaling through 

CRTH2 on ILC2s indirectly regulates the ability of ILC2s to home to or be retained in 

tissues by upregulating ILC2 expression of integrins and chemokine receptors16, 17, 49-

52. These include αβ integrins like CD18 and CD49d, selectins such as CD62L, and 

chemokine receptors such as CCR4 and CXCR413, 17, 52, 53. Therefore, we tested 

whether CRTH2 regulates expression of CD49d, CD18, CD62L, CCR4, or CXCR4 on 

ILC2s isolated from lungs of WT and Gpr44-/- mice given multiple IP PBS or rmIL-33 

treatments. In concert with previous findings17, rmIL-33 led to increased ILC2 

expression of the β1 integrin CD49d, quantified by percent positive ILC2s and 

geometric mean fluorescence intensity (GMFI), that was similar in WT and Gpr44-/- 

mice (SFig. 2.3a). Most lung ILC2s were positive for CD18, a component of β2 

integrin, in both in PBS- and rmIL-33-treated WT and Gpr44-/- mice (SFig. 2.3b). 

Multiple IP rmIL-33 treatments did not influence expression of CD62L on lung ILC2s 

in WT or Gpr44-/- mice (SFig. 2.3c). Consistent with data showing the chemokine 

receptor expression can be regulated by IL-3313, multiple IP rmIL-33 treatments  
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Figure 2.4. CRTH2 does not regulate ILC2 proliferation, apoptosis, cell death or expression of ST2 following 
multiple systemic rmIL-33 treatments. C57BL/6 wild type (WT) and CRTH2-deficient (Gpr44-/-) mice were treated 
intraperitoneally (IP) 3 times with 250 ng rmIL-33 or PBS every other day. On day 6 post-treatment initiation, mice 
were euthanized and tissues were collected. Percentage of (a) Ki67+, (b) Annexin V+, and (c) dead ILC2s in the lung. 
(d) Representative histograms and (e) geometric mean fluorescent intensity (GMFI) of ST2 on lung ILC2s. Data are 
mean±s.e.m; analyzed using a linear fixed effect model with pairwise comparison; 3-4 independent experiments; (a-
c,e) PBS n=4-6, rmIL-33 n=9-10. *P≤0.05, **P≤0.01, ***P≤0.001. 
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compared to PBS induced an increase in the percentage of CCR4+ and CXCR4+ lung 

ILC2s and CCR4 and CXCR4 GMFI in WT and Gpr44-/- mice (SFig. 2.3d,e). There 

was no significant difference in this effect between WT and Gpr44-/- mice, except in 

the case of a decreased rmIL-33-elicited percentage of CXCR4+ ILC2s in the lungs of 

Gpr44-/- compared to WT mice (SFig. 2.3e). In addition, there were no significant 

differences in rmIL-33-elicited expression of the genes encoding associated 

chemokine ligands CCL17, CCL22, and CXCL1250, 54 in WT and Gpr44-/- mice (SFig. 

2.3f). Taken together, these data suggest that ongoing IP rmIL-33-elicited ILC2 lung 

accumulation that is partially dependent on CRTH2 is not significantly due to 

CRTH2-mediated changes in ILC2 integrin or chemokine receptor expression. 

 

CRTH2 regulates the proportion and number of matured ILC2s in the BM 

following multiple IP rmIL-33 treatments 

 Previous studies have identified the BM as a potential source of adult ILC2s8, 

14, 16. To understand the influence of CRTH2 on maturation and kinetics of migration 

of ILC2 following prolonged systemic IL-33 stimulation, we assessed the percentage 

of ILC2 precursors and matured differentiated cells, identified as lin-

Sca1hiID2hiGata3hiKLRG1- (LSIG) and KLRG1+ LSIG, respectively55, 56 (Fig. 2.5a) in 

the BM in WT and Gpr44-/- mice following prolonged systemic administration of 

rmIL-33. There was no difference in the percentage and number of ILC2Ps in the BM 

following prolonged systemic IL-33 stimulation compared to PBS in WT mice (Fig. 

2.5b). This is in concert with recently published studies suggesting that there is a 

minimal contribution of BM ILC2Ps to seeding tissues during helminth-induced type  
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Figure 2.5. CRTH2 regulates the proportion and number of matured ILC2s in bone marrow following multiple 

systemic rmIL-33 treatments. C57BL/6 wild type (WT) and CRTH2-deficient (Gpr44-/-) mice were treated 

intraperitoneally (IP) 3 times with 250 ng rmIL-33 or PBS every other day. On day 6 post-treatment initiation, mice 

were euthanized and tissues were collected. (a) BM ILC2Ps and matured ILC2s were gated as Live, CD45+lin-

(CD3/CD5/CD11b/CD11c/CD19/NK1.1)-Sca1hiID2hiGata3hiKLRG1-(LSIG) and KLRG1+ LSIG respectively. (b) ILC2P 

percentage of CD45+ cells and total ILC2P number. (c) Mature ILC2 percentage of CD45+ cells and total matured 

ILC2 number. Data are mean±s.e.m; analyzed using a linear fixed effect model with pairwise comparison; 3 

independent experiments; PBS n=6, rmIL-33 n=8-9. ***P≤0.001. 
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2 inflammation14. Notably, there was a significant decrease in the rmIL-33-elicited 

percentage of matured ILC2s in the BM of Gpr44-/- mice compared to WT mice (Fig. 

2.5c). These data suggest that there is a possible role for CRTH2 in the re-circulation 

of matured KLRG1+ LSIG ILC2s through the BM in response to ongoing 

administration of rmIL-33 IP, though these data do not reveal whether this effect is 

due to effects on differentiation of ILC2s from ILC2Ps. 

 

CRTH2 regulates migration of ILC2s to the lung in response to ongoing IP rmIL-

33 treatment  

 Our data suggest that CRTH2 regulates pulmonary ILC2 accumulation during 

systemic, ongoing rmIL-33 treatment, independent of effects on ILC2 proliferation, 

apoptosis, or expression of assessed integrins and chemokine receptors, but possibly 

associated with altered recirculation through the BM. Additionally, our data show that 

CRTH2 does not impact ILC2 accumulation in the draining MSLN following 

systemic, ongoing rmIL-33 treatment (Fig. 2.2e). Together, these data suggest a role 

for CRTH2 in directly promoting ILC2 migration to or retention in the lung in 

response to multiple IP rmIL-33 treatments6, 38-40, 42. Furthermore, the lack of 

deficiency in rmIL-33-elicited ILC2 accumulation in the MSLN in Gpr44-/- mice 

suggests that there may be a CRTH2-dependent signal that controls ILC2 transit from 

the MSLN to the lung.  Thus, we tested whether CRTH2 expression affected the 

ability of adoptively transferred MSLN ILC2s to accumulate in the lung following IL-

33 treatment in a competitive environment. Total cells from the MSLN of 

congenically marked WT or Gpr44-/- mice treated with multiple IP rmIL-33 doses 
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were isolated, mixed in a 50:50 ratio, and transferred into congenically-disparate WT 

recipients (resulting in 3 different identifiable ILC2 populations:  recipient, donor WT, 

and donor Gpr44-/-). Then, the distribution of genotypes of donor ILC2s that 

accumulated in recipient tissues following multiple IP rmIL-33 treatments was 

quantified (Fig. 2.6a). Congenically disparate donor cells were not detected in mice 

that did not receive a transfer (SFig. 2.4a). Analysis of recipient mice that received a 

transfer revealed that WT donor ILC2s accumulated significantly more efficiently in 

the lung and blood than donor Gpr44-/- ILC2s (Fig. 2.6b). Notably, there was no 

difference in the percent of WT vs. Gpr44-/- donor ILC2s found in the lung-draining 

MSLN of WT recipient mice treated with multiple IP rmIL-33 doses (Fig. 2.6 c,d). In 

addition, there was no difference in the accumulation of WT vs. Gpr44-/- donor total 

CD90+ cells or CD4+ T cells in the lung, MSLN or blood (SFig. 2.4b,c). Together, 

these data suggest that the requirement for CRTH2 in mediating optimal ILC2 

accumulation is specific to ILC2s that accumulate in the lung and in the blood and that 

ILC2s may transit through the MSLN prior to entering the lung in response to 

prolonged systemic rmIL-33-induced Type 2 inflammation.  
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Figure 2.6. CRTH2 regulates accumulation of transferred ILC2s in the lungs in response to ongoing 

intraperitoneal rmIL-33 treatment. (a) MSLN cells from wild type (WT) and CRTH2-deficient (Gpr44-/-) 

intraperitoneally rmIL-33-treated mice were combined in a 50:50 equal ratio (4×105 total) and adoptively transferred 

intraperitoneally into WT recipient mice that were treated intraperitoneally three times with 250 ng of rmIL-33 every 

other day (with transfer occurring on day 1 of the regimen). On day 6 post-treatment initiation, mice were euthanized 

and tissues were collected. (b) Donor ILC2 (identified as CD45+CD90+CD127+ST2+CD4-) (c) percentages of each 

genotype in the lungs, MSLN, and blood were determined by flow cytometry and displayed in (d). Data are 

mean±s.e.m; analyzed using a linear fixed effect model with pairwise comparison; 2 independent experiments; PBS 

n=4, rmIL-33 n=6. ***P≤0.001. 
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Discussion 

During allergy and helminth infection, ILC2s accumulate at sites of Type 2 

inflammation and contribute to the clinical manifestations of helminth infection and 

allergic disease7, 21, 57. During these diseases, IL-33 and PGD2 levels are elevated25, 30, 

31, 58-60 and may mediate ILC2 proliferation8, 13 and migration6, 40, 42, 49. Some previous 

work has suggested that ILC2s are largely tissue-resident cells, seeded early in life, 

that do not migrate between tissues to a substantial degree in adults8, 13, 14. However, 

other studies indicate that ILC2s can traffic between tissues in certain contexts 6, 8, 15-19. 

Thus, it is not clear how ILC2 migration, proliferation, death, chemokine 

responsiveness and differentiation contribute to ILC2 accumulation in tissues during 

Type 2 inflammation, and specifically, how IL-33 and the PGD2-CRTH2 pathway 

regulate this process.  

In this study, using CRTH2-deficient mice, we demonstrate that multiple 

systemic treatments with rmIL-33 mediated ILC2 expansion during Type 2 

inflammation, partially dependent on CRTH2 (Fig. 2.2). We and others have 

previously reported a key role for CRTH2 in regulating ILC2 accumulation in tissues 

in vivo and migration in vitro6, 40, 42, with differential expression of CRTH2 by ILC2s 

at different tissues sites6. Specifically, lung ILC2s had a limited migratory potential in 

response to PGD2 in vitro, whereas peripheral ILC2s migrated more efficiently6. Thus, 

partially CRTH2-dependent IL-33-elicited lung ILC2 accumulation may be mediated 

by a CRTH2-dependent migratory activity of ILC2s located at distant tissue sites that 

infiltrate the lung.  
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Our observations support previous in vitro findings showing a role for IL-33 in 

the production and release of PGD2
36, 37. Consistent with these findings, we show that 

IL-33 treatment in vivo leads to gene expression of certain enzymes in the PGD2 

synthesis cascade in the lungs and MSLN (Fig. 2.1 and SFig. 2.1 a, b). However, at 

the timepoint assessed, not all components of the PGD2 synthesis pathway were 

transcriptionally upregulated, possibly due to the timing of PGD2 production 

following initiation of IL-33 treatment, which could result in activation negative 

feedback loops in vivo that shut down Cox-dependent pathways61-63. Overall, further 

experiments that go beyond analysis of gene transcription of PGD2 synthesis-

associated enzymes, including mass spectrometry-based PGD2 detection in various 

tissues and throughout a time course of IL-33 treatment will be required to dissect the 

timing, location and cellular source of PGD2 release in vivo following IL-33 

stimulation.  

The specificity of partially CRTH2-dependent IL-33-elicited cell accumulation 

in vivo to ILC2s compared to eosinophils and CD4+ T cells that express CRTH220, 39, 

45, 46 (SFig. 2.1g-i) speaks to the complexity of the Type 2 inflammatory milieu in vivo. 

Our data support previous findings describing normal eosinophil responses in CRTH2-

deficient mice during inflammation64. While increased IL-5 levels in CRTH2-deficient 

mice have been proposed as an explanation for such findings, we find that CRTH2-

deficient mice have decreased Il5 expression in the lung (Fig. 2.3a) and IL-5 levels in 

the BAL (Fig. 2.3b) in our model, associated with a decreased accumulation of lung 

ILC2s, and no defect in ILC2 IL-5 and IL-13 production ex vivo. In addition, while 

ILC2 responses can affect the accumulation and function of eosinophils65-68 and CD4+ 
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T cells69, 70, eosinophils and T cells can also be directly regulated by IL-33 via 

expression of ST220, 71 or indirectly by IL-33-mediated activation of other regulatory 

and/or adhesion factors72-74. Furthermore, despite normal eosinophil and CD4+ T cell 

responses and intact IL-5 and IL-13 production capacity in lung ILC2s (Fig. 2.3e,f) in 

CRTH2-deficient mice following ongoing, systemic IL-33 treatment, partial 

abrogation of ILC2 accumulation in Gpr44-/- mice was still associated with a decrease 

in the magnitude of Type 2 inflammatory signatures in the lung measured by 

histological analysis (Fig. 2.3c,d). This may be the case due to residence of ILC2 in 

perivascular niches close to bronchi and blood vessels74, 75 where they could have 

direct effects on inflammatory responses in the tissue. Further studies will be required 

to assess how IL-33 and the PGD2-CRTH2 pathway regulate tissue accumulation and 

cytokine production from a network of ILC2s and other immune and stromal cell types 

to promote Type 2 inflammation.  

Critically, our results using various modes and routes of IL-33 delivery and 

stimulation of Type 2 inflammation provide a new dimension to the ongoing debate 

about ILC2 tissue residency8, 13, 14, 76 and circulation18. Our data show that lung ILC2 

accumulation in response local IN IL-33 delivery, which would mostly influence 

expansion of tissue resident ILC2s, is not dependent on CRTH2, while lung ILC2 

accumulation in responses to systemic IP delivery, which would stimulate ILC2s and 

ILC2 progenitors at different tissue sites, is partially CRTH2-dependent. The absence 

of an effect of CRTH2 on ILC2 accumulation in response to prolonged local delivery 

of IL-33, acute administration of IL-33 and acute lung inflammation on day 2 post-N. 

brasiliensis infection support studies that show that ILC2s do not migrate across a 
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parabiont pair in response to IN IL-33 delivery13. These data emphasize the 

chemotactic role of the PGD2-CRTH2 pathway during systemic, ongoing IL-33-

induced Type 2 inflammation yet also support previous studies that suggest that IL-33-

mediated ILC2 expansion is dependent on multiple pathways11, 16, 17, 51. Critically, 

multiple pathways and mechanisms clearly regulate ILC2 accumulation in the lung in 

response to IL-33, regardless of route or timing of administration, as we observe a 

partial but not total abrogation of systemic IL-33-elicited ILC2 accumulation in 

CRTH2-deficient mice. The ability of IL-33 to promote some accumulation of ILC2s 

in the lung in the absence of CRTH2 could be due to the activation of other trafficking 

pathways11, 16, 17, 51, 74 or could be a result of the ability of IL-33 to act directly on 

ILC2s to promote proliferation16, 77, 78 or survival29. Together, our data and recent 

literature suggest that the timing and distribution of release of activating cytokines 

such as IL-33 may dictate the factors that control the recruitment and circulation 

ILC2s from other tissue sites. 

Notably, it remains unclear how and from where ILC2s traffic to access the 

lungs during prolonged systemic Type 2 inflammation in adult mice. In an adoptive 

transfer model, we show that ILC2s isolated from the MSLN injected IP into WT mice 

treated with multiple IP doses of rmIL-33 had migratory potential to the lung that was 

dependent on CRTH2, but that accumulation in the original tissue, the MSLN, was not 

impacted by CRTH2 (Fig. 2.6 c,d). These findings suggest that ILC2s can migrate to, 

and also from, LNs, an idea that is supported by recent studies that used the Kaede 

photoconvertible mouse model to provide evidence for the presence of migratory ILC2 

in peripheral LNs79. Taken together, these data79 and our findings suggest that ILC2s 
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that accumulate in the lung following ongoing IP rmIL-33 treatment may traffic 

through the lung-draining MSLN prior to entering the lung or being retained there. 

However, questions remain as to whether CRTH2 regulates the re-circulation of 

multipotential inflammatory KLRG1+ST2- ILC2s from the gut or another tissues that 

then accumulate in the lung15, 18 following prolonged IL-33 stimulation.  

 Elevated plasma levels of IL-33 have been reported in various human disease 

conditions including allergic lung asthma25, 58-60, in which ILC2s are known to play a 

significant role80, 81. In addition, CRTH2 inhibitors can decrease signs and symptoms 

of allergic lung inflammation in certain patients cohorts, but not all individuals82-84. 

Therefore, a better understanding of how the IL-33 and PGD2-CRTH2 pathways 

intersect to promote ILC2 population expansion through proliferation and inter-organ 

trafficking and function of ILC2s in the lung is critical to understanding how CRTH2 

inhibitors and other inhibitors that regulate ILC2s could be effectively deployed to 

alleviate allergic lung inflammation in different human patient populations82-84. 

Though additional studies using human patient samples will be required to test the role 

of CRTH2 in various human disease states, our study suggests that CRTH2 inhibitors 

may be more effective clinically in the context of Type 2 inflammation associated with 

prolonged and systemic IL-33 stimulation.
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Supplemental Materials 

 
SFig. 2.1. CRTH2-dependent rmIL-33-elicited ILC2 accumulation is observed in multiple tissues and is ILC2 
specific. C57BL/6 wild type (WT) and CRTH2-deficient (Gpr44-/-) mice were treated intraperitoneally (IP) 3 times with 
250 ng rmIL-33 or PBS every other day. On day 6 post-initiation of treatment, mice were euthanized and tissues were 
collected. Real time PCR from total mediastinal lymph node (MSLN) homogenate was used to measure expression of 
the gene that encodes for hematopoietic PGD2 synthase (Hpgds), relative to Actβ and normalized to WT treated with 
PBS following (a) IP or (b) IN rmIL-33 treatment. (c) ILC2s in the blood were gated as Live, 
CD45+Lin(CD3/CD5/CD11c/CD19/NK1.1)-CD11b-CD90+CD127+ST2+CD4-. (d) ILC2 percentage of CD45+ cells and 
total ILC2 number/mL blood. (e) ILC2s in the mesenteric lymph node (MLN) were gated as Live, CD45+Lin-CD11b-

CD90+CD127+ST2+. (f) ILC2 percentage of CD45+ cells and total ILC2 number in the MLN. (g) Eosinophils in the 
middle, caudal and accessory lobes of the lung were gated as Live, CD45+CD11b+SiglecF+. (h) Eosinophil percentage 
of CD45+ cells and total eosinophil number in the lung. (i) Percentage of Gata3+ Th2 cells of CD4+ cells and total Th2 
cell number in the lung. Data are mean±s.e.m.; analyzed using a linear fixed effect model with pairwise comparison 
except in (b) in which model assumptions were not fulfilled; 2-8 independent experiments; (a,b,d,h,i) n=2-10 
mice/group and (f) n=16-24 mice/group. *P≤0.05, **P≤0.01, ***P≤0.001, ns=not significant. 



 

96 

 

 
SFig 2.2. CRTH2 does not regulate ILC2 lung accumulation during acute helminth or after a single dose of 
systemic rmIL-33. (a) C57BL/6 wild type (WT) and CRTH2-deficient (Gpr44-/-) mice were treated intraperitoneally (IP) 
once with 250 ng of rmIL-33. On day 2 post-treatment initiation, mice were euthanized and tissues were collected. 
Total ILC2 number in the (b) lung or (c) blood in single dose rmIL-33-treated mice. (d) WT and Gpr44-/- mice were 
infected subcutaneously (SQ) with 500 L3 N brasilensis larvae. On day 2 post-infection, mice were euthanized and 
tissues were collected. (e) Total ILC2 number in the lung of day 2 N. brasiliensis infected mice (note, lungs were not 
perfused in the acute N. brasiliensis model of infection). Data are mean±s.e.m; analyzed using a linear fixed effect 
model with pairwise comparison; 4 independent experiments; n=4-12 mice/group total. ***P≤0.001. 
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SFig 2.3. Cytokine isotype control and altered ILC2 accumulation in CRTH2-deficient mice following multiple 
IP rmIL-33 treatments is not mediated via changes in ILC2 integrin or chemokine receptor expression. 
C57BL/6 wild type (WT) and CRTH2-deficient (Gpr44-/-) mice were treated intraperitoneally (IP) 3 times with 250 ng 
rmIL-33 or PBS every other day. On day 6 post-initiation of treatment, mice were euthanized and tissues were 
collected. a) Representative isotype control plots for IL-5 and IL-13 staining of lung ILC2s gated as Live, 
CD45+lin(CD3/CD4/CD5/CD11c/CD19/NK1.1)-CD11b-CD90+CD127+ST2+ from WT mice treated IP with rmIL-33 
following 6 hr incubation with BFA as measured by ICS. Percent positive of lung ILC2s and GMFI for (b) CD49d, (c) 
CD18, (d) CD62L, (e) CCR4 and (f) CXCR4. Real time PCR from total lung homogenate was used to measure 
expression of genes that encode (g) CCL17 (Ccl17), CCL22 (Ccl22), and Cxcl12 (Cxcl12) all relative to Actβ and 
normalized to WT treated with PBS. Data are mean±s.e.m; (a) representative of 2 independent experiments, (b-f) 3-4 
independent experiments; analyzed using a linear fixed effect model with pairwise comparison; (b-f) n=3-12 
mice/group total. *P≤0.05, **P≤0.01,***P≤0.001. 
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SFig. 2.4. Transfer controls for 50:50 ratio immune cell transfer. MSLN cells from wild type (WT) and CRTH2-
deficient (Gpr44-/-) intraperitoneally rmIL-33-treated mice were combined in a 50:50 equal ratio (4×105 total) and 
adoptively transferred intraperitoneally into WT recipient mice that were treated intraperitoneally 3 times with 250 ng 
of rmIL-33 every other day (with transfer occurring on day 1 of the regimen). On day 6 post-treatment initiation, mice 
were euthanized and tissues were collected. (a) Plot showing representative no transfer control for gating of donor 
cells. Donor (b) total CD90+ and (c) CD4+ cells of each genotype of in the lungs, MSLN, and blood were determined 
by flow cytometry. Data are mean±s.e.m; analyzed using a linear fixed effect model with pairwise comparison; 2 
independent experiments; n=4-6 mice/group total. 
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Summary 

Type 2 inflammation that is required for tissue repair and expulsion of helminth 

parasites must be regulated to prevent chronic inflammation. While previous studies 

show that cytokines play key roles in promoting and resolving Type 2 inflammation, 

the role of bioactive lipid mediators such as PGD2 in regulating these processes is less 

clear. Here, we show that PGD2 and its receptor CRTH2, which can promote Type 2 

inflammation in the lung, have a previously unappreciated anti-inflammatory role 

during helminth-induced Type 2 intestinal inflammation. CRTH2-deficient mice 

infected with the helminth Nippostrongylus brasiliensis cleared worms more 

efficiently and had increased intestinal mucin responses compared to WT mice. Single 

cell RNA sequencing revealed an enrichment for secretory lineage epithelial cells in 

the small intestine of CRTH2-deficient compared to WT mice. Critically, small IECs 

and specifically goblet and tuft cells expressed the gene that encodes for CRTH2, 

Gpr44, and murine small intestinal organoids stimulated with Type 2 cytokines 

downregulated expression of goblet cell- and tuft cell-associated genes following 

culture with PGD2, in a CRTH2 dependent manner. Finally, BM chimeric mice that 

had CRTH2 deficiency isolated to the non-hematopoietic system cleared worms more 

efficiently and had elevated goblet cell responses compared to mice with a WT non-

hematopoietic compartment, confirming a role for CRTH2 in regulating epithelial 

responses and resulting worm clearance in vivo. These findings highlight a novel 

regulatory effect of the PGD2-CRTH2 pathway on helminth-induced Type 2 intestinal 

inflammation and may inform the development and use of therapies for treatment of 

Type 2 inflammatory diseases. 
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Introduction 

Type 2 inflammation is required for parasite expulsion and tissue repair during 

intestinal helminth infection (1). Helminth infection causes intestinal damage that 

induces production of the cytokines, IL-25, IL-33 and TSLP. These cytokines drive 

activation of immune cells such as ILC2s and CD4+ Th2 cells(2-6). Activated immune 

cells release the Type 2 cytokines IL-4, IL-5, IL-9 and IL-13 that trigger changes in 

the intestinal epithelium, including increased epithelial cell turnover(7), increased 

intestinal permeability(8), and goblet cell hyperplasia, leading to enhanced mucin 

responses(9, 10) that are essential for effective worm expulsion(11). 

 Type 2 immunity must be regulated through suppressive and pro-resolution 

mechanisms to prevent the development of chronic inflammation and fibrosis(12, 13) 

and to return tissues to homeostasis. Current models focus on the role of proteins, 

namely cytokines, in restraining Type 2 inflammation. For example, key mechanisms 

include the effect of inhibitory cytokines such as IL-10(14) and TGF-β and activities 

of T regs(1). Other pathways are mediated by Type 1 cytokines that antagonize IL-4, 

expression of the IL-13 decoy (IL-13Rα2) receptor, and tissue repair functions of 

RELMα from alternatively activated macrophages (1, 14-19). However, there are a 

variety of biochemical factors produced in the context of Type 2 inflammation 

including potent bioactive lipids such as the eicosanoids(20). High concentrations of 

these lipid mediators are found in the tissues during Type 2 inflammation(20-22), but 

how lipids shape the resolution of Type 2 inflammation is not well understood. 

 Eicosanoids are bioactive lipids derived from AA acids that have both pro-

inflammatory properties and anti-inflammatory and pro-resolving functions (23-25). 
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Prostaglandins are eicosanoids that are synthesized by COX enzymes and specific 

prostaglandin synthases(24, 25). One such prostaglandin, PGD2, is produced during 

Type 2 inflammation and has been shown to play a pro-inflammatory role(21, 22, 26, 

27).  In this context, PGD2 produced potentially by mast cells(28, 29), ligates one of 

its two receptors, the CRTH2, to induce migration and production of Type 2 cytokines 

in eosinophils, ILC2s, basophils and Th2 cells(27, 30-34). Consistent with these 

findings, the PGD2-CRTH2 pathway promotes Type 2 allergic airway disease(21, 22, 

26) and helminth-induced chronic pulmonary inflammation(27). However, other 

prostaglandin family members and PGD2 itself, acting through its other receptor, DP1, 

can also play pro-resolving or anti-inflammatory roles(23, 29, 35-39). Importantly, 

whether PGD2 acting through CRTH2 participates in the resolution of helminth 

induced Type 2 intestinal inflammation is not known. 

 Here, using a murine model of intestinal helminth infection with 

Nippostrongylus brasiliensis, we investigated the role of the PGD2-CRTH2 pathway 

in the promotion and regulation of intestinal helminth-induced Type 2 inflammation. 

Unexpectedly, despite previous data showing that CRTH2 promotes pulmonary Type 

2 inflammation(27), mice deficient in CRTH2 demonstrated enhanced worm 

expulsion without deficiencies in Type 2 cytokine responses when compared to WT 

control mice. This enhanced parasite clearance was associated with increased goblet 

cell hyperplasia and mucin responses, suggesting a role for CRTH2 in controlling non-

hematopoietic responses. Consistent with this idea, we show for the first time that 

intestinal epithelial cells such as goblet and tuft cell express the gene that encodes for 

CRTH2, Gpr44. Using ex-vivo intestinal organoid cultures, we observed that Type 2 
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cytokines increase Gpr44 expression and expression of mucin- and tuft cell-associated 

genes. Culture with PGD2 suppressed Type 2 cytokine-induced goblet and tuft cell 

responses, dependent on CRTH2. Finally, using BM chimeric mice, we demonstrate 

that CRTH2 expression specifically in non-hematopoietic cells mediated enhanced 

anti-helminth goblet cell responses during infection. Taken together, this study reveals 

a previously unappreciated role for the PGD2-CRTH2 pathway in restraining small 

intestinal epithelial responses during helminth infection. These data suggest a model in 

which the PGD2-CRTH2 pathway may act in a pleiotropic fashion, driving Type 2 

immune cell function and suppressing intestinal epithelial cell responses to curtail 

inflammation. This finding has significant implications for the development of 

therapies aimed at modulating chronic Type 2 inflammation and provides a significant 

step forward in our understanding of the importance of eicosanoid lipid mediators 

during intestinal Type 2 inflammation. 

 



 

105 

 

Materials and Methods 

Mice 

 Male and female C57BL/6 WT 45.1 and CD45.2 mice were purchased from 

the Jackson Laboratories (Bar Harbor, ME) or bred in house. Gpr44-/- mice were 

provided by Amgen Inc. (Seattle, WA). Lgr5tm1(cre/ERT2)Cle/J mice (Lgr5-GFP) were 

originally provided as a gift from Dr Nozomi Nishimura’s lab, Cornell University and 

then bred in house). All mice were used at 8-12 weeks of age, and all experiments 

used age- and sex-matched controls.  All animals were housed in specific pathogen-

free conditions at Cornell East Campus Research Facilities and/or the Baker Institute 

for Animal Health Research facilities or the University of Washington South Lake 

Union 3.1 animal facility. WT and Gpr44-/- female mice were co-housed. All 

experiments were performed under protocols approved by the Cornell University or 

the University of Washington Institutional Animal Care and Use Committees. 

 

Type 2 intestinal inflammation   

 The N. brasiliensis life cycle was maintained as previously described(40).  

Mice were infected with 500 L3 N. brasiliensis larvae SQ, and analyses were 

performed at day 7 post-infection unless specified otherwise. Adult worms were 

quantified directly from intestinal tissues as described previously(40) on day 5 and day 

7 post infection. For assessment of Type 2 intestinal inflammation, the murine MLNs 

were harvested. Single cell suspensions of murine MLNs were prepared by mashing 

through a 70 μm cell strainer and counting total cells.  
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Flow cytometry, fluorescence activated cells sorting and single cell RNA 

transcript staining  

 Single cell suspensions were incubated with Aqua Live/Dead Fixable Dye 

(Life Technologies, Grand Island, NY) and fluorochrome-conjugated monoclonal 

antibodies (mAbs) against mouse CD3 (145-2C11), CD4 (GK1.5), CD5 (53-7.3), 

CD11b (M1/70), CD11c (N418), CD19 (eBio1D3), CD25 (PC61.5), CD45 (30-F11), 

CD45.1 (A20), CD45.2 (104), CD127 (A7R34), CD90.1 (HIS51), CD90.2 (53-2.1), 

IL-33R (DJ8, MD Bioproducts, St. Paul, MN), IL-25R (MUNC33), KLRG1 (2F1), 

NK1.1 (PK136) or Siglec-F (E50-2440, BD Biosciences, San Jose, CA).  For RNA 

staining analyses, cells were treated according to manufacturer instructions using a 

commercially available kit (PrimeFlow™ RNA Assay, Thermo Fisher) and 

compatible commercially available probes for β2m (used as a positive control for 

RNA staining) and Gpr44 (Thermo Fisher). Eosinophils, ILC2s and CD4+ Th2 cells 

are gated as live, CD45+SiglecF+CD11b+; live, CD45+lin-CD127+KLRG1+IL-

25R+Gata3+ and live, CD45+CD4+Gata3+ cells respectively. IECs for Flow RNA 

staining were gated as live, CD45-β2m+EpCAM+.  

 For primary epithelial cell staining and flow sorting, stripped IECs were 

stained in 100 µL volume of flow cytometry buffer with anti-mouse CD166 Fitc 

(clone eBioALC48), anti-mouse EpCAM PE (clone G8.8), anti-mouse CD24 PerCP 

Cy5.5 (clone M1/69), anti-mouse CD45 eFluor 450 (clone 30-F11), biotinylated Ulex 

europaeus Agglutinin I (UEA I) (Vector laboratories), and Aqua Live Dead fixable 

viability stain (all antibodies from Thermo Fisher unless otherwise noted) for 30 

minutes. Cells were then washed twice in flow cytometry buffer and incubated for 15 
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min in streptavidin APC (Thermo Fisher).  Fully stained cells were filtered through a 

40 µM filter and sorted using a 4-laser FACSAria II (BD Biosciences) with a 100 μm 

nozzle at 20 psi. Goblet cells, tuft cells and enterocytes were defined as live, CD45-

EpCAM+UEA-1+CD24-CD166-(41-44); live, CD45-EpCAM+SiglecF+CD24+ and live, 

CD45-EpCAM+UEA-1-CD24-CD166- respectively. Other epithelial cells were sorted 

from previously characterized reporter mice. ISCs from Lgr5-GFP mice and Paneth 

cells from the Defa6-CreERT:Rosa26-tdTomato mice (sorted by the Dekaney lab at 

North Carolina State University)(45). All samples were run on a 4-laser LSR II (BD 

Biosciences) or a Gallios (Beckman Coulter) flow cytometer, and FlowJo 10 (Tree 

Star, Inc., Ashland, OR) was used to analyze data.  

 

Single cell RNA-seq  

 Single cell RNA-sequencing was performed using the 10X Genomics 

Chromium instrument. Initial quality assessment and alignment to the mouse genome 

was completed using 10X Genomics Cellranger software. Further, in-depth analysis 

was done using Seurat (3.0.1). Cells with less than 750 genes per cell or with greater 

than 15% of genes being mitochondrial were removed 

 

RNA extraction, cDNA synthesis, and qPCR  

 Sort-purified cells were collected in Buffer RL (Cat# 90055, Norgen Biotek, 

Thorold, ON, Canada).  Total RNA was subsequently extracted and purified from 

these collected samples with use of a Single Cell RNA Purification Kit (Cat# 51800, 

Norgen) according to the manufacturer's protocol.  For small intestinal epithelial cell 
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type marker analysis and assessment of Gpr44 expression, cDNA was generated using 

the High Capacity RNA-to-cDNA kit (Cat# 4387406, Applied Biosystems, Beverly, 

MA).  qPCR was performed with TaqMan Gene Expression Master Mix (Cat# 

436016, Applied Biosystems) on equal volumes of each cDNA sample in triplicate on 

a Bio-Rad CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, 

Richmond, CA) using the following TaqMan probes (Life Technologies, Carlsbad, 

CA): Chga (Cat# 4331182, Mm00514341_m1), Dclk1 (Cat# 4331182, 

Mm00444950_m1), Lgr5 (Cat# 4331182, Mm00438890_m1), Lyz1 (Cat# 4331182, 

Mm00657323_m1), Muc2 (Cat# 4331182, Mm01276696_m1), Gpr44 (Cat# 4351372, 

Mm01223055_m1), Rps9 (Cat# 4331182, Mm00850060_s1), and Sis (Cat# 4331182, 

Mm01210305_m1). Rps9 was used as the housekeeping gene for normalization. 

Relative quantitative values (RQVs) were calculated using either live, CD45-, 

EpCAM+UEA-1-CD24- enterocytes or unsorted cells as the control.   

For human studies, expression data was extracted from RNAseq data from 

mRNA harvested from biopsies obtained during the colonoscopies of healthy donors 

(n=13, ages 24-72) or patients with Crohn's disease (n=9, ages 26-58) or ulcerative 

colitis (n=10, ages 24-67) participating in a biorepository program.  Biopsies were 

obtained from the ascending colon in healthy controls, and from inflamed or 

uninflamed segments of colon in patients with inflammatory bowel disease.  The latter 

were on prednisone (12%), 5'aminosalicylates (38%), 6-mercaptopurine (9%), 

and/or anti-TNF biologics (21%), or no medication for their condition (32%) at the 

time of sampling.  Samples were placed in cold RNAlater immediately ex vivo, and 

frozen at -70oC within 24 hours.  All subjects were consented to participate in research 
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according to a protocol approved by the Institutional Review Board of Virginia Mason 

Medical Center in accordance with the Declaration of Helsinki.   

 

BM chimeras and cell transfers  

 Single cell suspensions from the BM of 8-week-old mice were prepared by 

flushing the femur and tibia with DMEM (Corning, Corning, NY), passing the cells 

through a 70 µm filter and lysing RBCs with ACK buffer (Lonza). Recipients were 

lethally irradiated with 1000 CyG and given 4 x 106 donor cells i.v.  

Sulfamexosone/trimethoprim (Hi-Tech Pharmacal, Amityville, NY) was provided in 

the drinking water for 2 weeks post-reconstitution, and mice were analyzed at 6 weeks 

post-reconstitution. 

 

Crypt isolation and culture of murine organoids  

 The crypts were isolated from the small intestine of WT C57BL/6 mice 

according to the manufacturer’s instruction (Stem Cell technologies, Vancouver, 

Canada). The culture was passaged by dissociating the organoids in Gentle 

Dissociation Reagent (Stem Cell, Vancouver, Canada), washing in Advanced 

DMEM/F12 Reduced Serum Medium (Life Technologies, Grand Island, NY) and 

plating in 50 µL of fresh ice cold Matrigel Growth Factor Reduced Basement 

Membrane Matrix (Corning, Corning, NY) on Costar 24 multiple well plates 

(Corning, Corning, NY). Organoids were grown at 37oC with 5% CO2 and media was 

replaced after every 3 days according to the manufacturer’s instructions. Organoids 

were used for experimental purposes after 3 passages unless otherwise noted. Fully 
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differentiated and matured organoids were stimulated with or without rmIL-4 and 

rmIL-13 (R&D Systems), PGD2 (Cayman Chemical), rm IFN-gamma Protein (R&D 

Systems) and/or OC000459 (Cayman Chemical) between day 2 and day 6 after 

passage. 

 

ELISA and real-time PCR   

 Cytokine levels in cell-free supernatants were assessed using standard 

sandwich ELISA for IL-4 and IL-13 (eBioscience). For real-time PCR, RNA was 

isolated from intestinal tissue using a TRIZOL Reagent (Invitrogen, Carlsbad, 

California), according to the manufacturer’s protocol. Intestinal organoids were 

harvested by dissolving Matrigel in Gentle Dissociation Reagent and washing with 

cold PBS; RNA was then isolated using mirVana miRNA isolation kit (Invitrogen) 

according to the manufacturer instructions. Real-time PCR was performed on cDNA 

generated using a Superscript II reverse transcription kit (Life Technologies) using 

SYBR green master mix (Applied Biosystems) or Taqman Gene Expression 

Mastermix (Life Technologies) and commercially available primer sets (Qiagen 

Quantitect or Life Technologies Taqman primer assays). Samples were run on the ABI 

7500 real-time PCR system (Life Technologies). 

 

Histology   

 At necropsy, 1 cm length of the intestine was excised from a region about 10 

cm into the small intestine (jejunum) and fixed in 4% PFA (v/v/) until tissue 

embedding.  Tissues were then paraffin-embedded, and 5 μm sections were stained 
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with PAS/Alcian blue. Image acquisition was performed using a ZEISS AxioObserver Z1 

Carl ZEISS Axio Camera and ZEISS ZEN Microscope acquisition software (ZEISS, 

Oberkochen, Germany). Adobe Photoshop was used to adjust brightness, contrast and color 

balance (changes were applied to the whole image). For quantitate measurement of 

goblet cells, a blinded counting of the number of PAS/Alcian blue positive cells in the 

transverse section of an average of 50 villi was done.  

For tuft cell staining, paraffin-embedded sections were deparaffinized and 

rehydrated. Antigen retrieval was performed using sodium citrate buffer. Sections 

were permeabilized with 0.1% Triton-X in PBS (Sigma) and blocked in 5% goat 

serum in Tris/NaCl blocking buffer (0.1 M Tris-HCL, 0.15 M NaCl, 5 mg/mL TSA 

blocking reagents (Perkin Elmer), pH 7.5). Following blocking, sections were 

incubated with primary antibody (aDCLK1, Abcam ab31704, 1:1000) overnight at 

4 °C, or for 1 h at ambient temperature in 5% goat serum in TNB. Following washing 

with PBS, sections were incubated with the secondary antibody (anti-rabbit IgG 

F(ab’)2-AF594) for 1 hour in TNB blocking buffer. Slides were mounted with 

Vectashield with DAPI (Vector Laboratories) and Image acquisition was performed 

using ZEISS Axiocam 503 mono Camera. Tuft cell frequency was calculated using 

ImageJ software to manually quantify DCLK1+ cells per crypt-villus unit in each 

section.  

 

Statistics  

 Statistical analysis was carried out using JMP software (SAS, Cary, NC). Data 

were analyzed using three-way full factorial fit models to assess effects such as 
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‘genotype’, ‘treatment’ and ‘experiment’ on the response variable of interest. This 

allowed the interaction between effects to be considered in addition to their impact on 

the response variable, which enabled experimental repeats to be pooled, increasing the 

power of the analysis. The least squares mean results table from the 3-way full 

factorial analysis was used to test the contrast between specific experimental groups 

using a joint F test. A difference between experimental groups was taken to be 

significant if the p-value (Prob > F) was less than or equal to 0.05 (*, P ≤ 0.05; **, P ≤ 

0.01; ***, P ≤ 0.001). Results in graphs are displayed as mean ± SEM using Prism 

version 7 (GraphPad Software, Inc., San Diego, CA) except where mentioned. 

Statistical outliers were identified in normal Gaussian data sets using the extreme 

studentized deviate (ESD) method, and outliers were uniformly omitted. For human 

data, statistical analysis was carried out using Graph pad Software. Data were 

analyzed using the unpaired, 2-way Student’s t-tests and displayed as mean ± standard 

deviation. 
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Results 

CRTH2 deficiency results in enhanced worm expulsion from the small intestine  

To investigate the role of the PGD2-CRTH2 pathway in the regulation of Type 

2 intestinal inflammation, we first assessed the ability of mice deficient in the CRTH2 

receptor (Gpr44-/-) to expel worms following N. brasiliensis infection. Surprisingly, 

despite the known role for CRTH2 in promoting Type 2 inflammation in the lung 

through actions on immune cells (27), Gpr44-/- mice cleared worms more efficiently 

than WT mice at day 7 post-infection (Fig 1a). This phenotype was not a result of a 

failure of worms to establish in Gpr44-/- mice, as worm burdens at day 5 post-infection 

were similar in WT and Gpr44-/- mice (Fig 3.1a). In addition, we had earlier reported 

similar lung larva accumulation in WT and Gpr44-/- mice at day 3 post infection (27).  

 To test if more efficient worm clearance in Gpr44-/- compared to WT mice 

could be due to unexpectedly elevated Type 2 immune cell responses in these animals, 

we assessed PGD2 pathway engagement, immune cell mobilization, and cytokine 

responses in N. brasiliensis-infected Gpr44-/- and WT mice. At day 7 post infection, 

Gpr44-/- and WT mice had similarly increased expression of the genes important in the 

synthesis of prostaglandin D2, the two isoforms of Cox1, Cox2 and Hpgds (24, 46-48), 

in small intestinal tissues from WT and Gpr44-/- mice (Fig. 3.1b). Furthermore, at day 

7 post infection, similar infection induced increases were observed in the frequencies 

and total numbers of MLN KLRG1+ ILC2s (Fig. 3.1c) gated as live, CD45+lin-

CD127+KLRG1+IL-25R+GATA3+(Suppl. Fig 3.1a), CD4+ Th2 cells (Fig 3.1d) gated 

as live, CD45+CD4+Gata3+ (Suppl. Fig 3.1b) and eosinophils (Fig. 3.1e) gated as 

CD45+SiglecF+CD11b+ (Suppl. Fig 3.1c), in the Gpr44-/- mice compared to the WT  
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Figure 3.1. CRTH2 deficiency results in enhanced worm expulsion from the small intestine. C57BL/6 WT and 
Gpr44-/- mice were infected with 500 N. brasiliensis (Nb) L3 larvae SQ. (a) On days 5 and day 7 post-infection p.i. the 
total number of adult worms in the intestine of WT and Gpr44-/- mice were counted. On day 7 p.i., the (b) expression 
of Cox1, Cox2 and H-pgds in small intestine homogenates was measured by real time PCR (relative to Actβ and 
normalized to WT naïve (N)); percentage and total number of (c) ILC2s (CD45+Lin-KLRG1+IL17Rβ+Gata3+), (d) CD4+ 
Th2 cells (live, CD45+Lin+CD4+Gata3+) and (e) eosinophils (live, CD45+SiglecF+CD11b+) in the MLN were assessed 
using flow cytometry, expression of Il4 (f) and Il13 (g) in small intestine homogenates was measured by real time PCR 
(relative to Actβ and normalized to WT naïve (N)), and levels of IL-4 (e) and IL-13 (f) secreted into the cell-free 
supernatant of MLN cells stimulated with anti-CD3/anti-CD28 measured by ELISA. Data are mean±s.e.m; analyzed 
using a linear fixed effect model with pairwise comparison; (a) n=4-6 mice/group, day 5, 2 independent experiments; 
day 7, n=10-11 mice/group 4 independent experiments; (b) Cox1 & Cox2, N n=5, Nb n=8-9 H-pgds N n=6-7, Nb 
n=11-13, 3-4 independent experiments (c) N n=6, Nb n=9-11, 3 independent experiments; (d) N n=5-6, Nb n=12-14, 6 
independent experiments; (e) N n=7-9, Nb n=12-14, 6 independent experiments; (e) Il-4 N n=5-7, Nb n=7, 3 
independent experiments, IL-4 N n=7, Nb n=8-11, 4 independent experiment (f) Il-13 N n=6, Nb n=10-13, 4 
independent experiments, IL-13 N n=5-6, Nb n=6-8, 3 independent experiment  *p≤0.05, **p≤0.01, ***p≤0.01, ns=not 
significant.  
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mice. These are cell types that are activated during infection (49-52) and express 

CRTH2 (27, 30, 32, 53, 54). In addition, IL-4 secretion from MLN cells stimulated in 

vitro with anti-CD3/anti-CD28 and expression of Il4 in the small intestine and were 

similarly increased after infection in WT and Gpr44-/- mice. While infection-induced 

IL-13 secretion from stimulated MLN cells into the cell-free supernatant was similar 

between WT and Gpr44-/- mice (Fig. 3.1f), consistent with a role for the PGD2-

CRTH2 pathway in promoting Type 2 cytokine responses, Gpr44-/- mice had 

somewhat lower infection-induced increases in Il13 expression in the small intestine 

than WT mice at day 7 post infection. Together, these data show that Gpr44-/- mice 

demonstrate enhanced clearance of N. brasiliensis, associated with immune responses 

that are similar or deficient compared to WT mice in the intestine but somewhat 

elevated in some cases in the lymph node.  

 

CRTH2 deficiency is associated with elevated secretory cell responses in the small 

intestine 

 Epithelial cell responses play a key role in the initiation of Type 2 

inflammation(55-57) and the weep and sweep response that promotes worm 

expulsion(9, 10). We then used an unbiased single cell sequencing approach to 

identify and quantify all the major small intestinal epithelial lineages in naïve WT and 

Gpr44-/- mice (Fig 3.2a) using a previously annotated, publicly available data set to 

identify various cell lineages(58). We observed an increase in the percentage of total 

cells analyzed that fell in the intestinal stem cell (ISC), goblet cell, tuft cell and Paneth  
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Figure 3.2. CRTH2 deficiency is associated with elevated secretory cell responses in the small intestine. IECs 

were stripped from the small intestine of naïve (N) WT and Gpr44-/- mice and subjected to singe cell RNA sequencing 

to generate (a) UMAP plot of 9 cell clusters common to all samples based on guided clustering, colored by cluster 

assignment (n=4 mice). (b) Proportions of IEC types in WT versus Gpr44-/- mice in vivo. C57BL/6 WT and Gpr44-/- 

mice were infected with 500 N. brasiliensis (Nb) L3 larvae SQ, and on day 7 post infection, (c,d) Dclk1 positive cells 

and (e,f) PAS/Alcian Blue positive cells in the small intestine were quantified from histological sections. Scale bar = 50 

µm. Data are mean±s.e.m; analyzed using a linear fixed effect model with pairwise comparison; (a, b) 2 independent 

experiments (one mouse in each group); (c,d) N n=5-7, Nb n=9, 3 independent experiments; (e,f) N n=3-4, Nb n=5-6, 

3 independent experiments; *P≤0.05, **P≤0.01, ***P≤0.01, ns=not significant.  
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cell lineages in Gpr44-/- compared to the WT mice, at the expense of the enterocyte 

lineage (Fig 3.2b). Due to the challenges associated with doing single cell sequencing 

of IECs out of N. brasiliensis helminth infected mice, we therefore assessed the 

accumulation of key secretory epithelial cell types that are associated with helminth 

expulsion in the small intestine of N. brasiliensis infected WT and Gpr44-/- mice. Key 

amongst these are chemosensory tuft cells that produce IL-25 to promote ILC2 

responses that support worm clearance(55-57) and goblet cells associated with 

enhanced mucin production that promote worm expulsion (9, 10). Immunofluorescent 

staining for the tuft cell marker Dclk1 in the small intestine revealed increased 

numbers of tuft cells in Gpr44-/- compared to WT mice, most notably in the naïve state 

(Fig. 3.2 c,d) consistent with findings from single cell sequencing (Fig 3.2a-b). Using 

PAS/Alcian Blue (AB) staining of histological sections of the small intestine to 

identify goblet cells, we observed that there were increased numbers of mucin-

producing goblet cells in Gpr44-/- mice compared to WT mice in the steady state and 

following N. brasiliensis infection (Fig 3.2 c,d). In addition, as we did not observe 

significant elevated Type 2 immune responses in Gpr44-/- mice at day 7 post-infection 

in the intestine that would explain their enhanced ability to expel N. brasiliensis, these 

data suggest that the PGD2-CRTH2 pathway may suppress IEC tuft cell and goblet 

cell responses following intestinal helminth infection that define the timeline to worm 

expulsion.    
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Small intestinal stem, tuft and goblet cells express Gpr44, the gene that encodes 

CRTH2 

 While our findings suggest that CRTH2 plays a role in mediating IEC 

responses during helminth infection, expression of CRTH2 in murine IECs has not 

previously been characterized, perhaps in part due to the lack of a sensitive and 

specific anti-murine CRTH2 antibody. To elucidate if IECs express CRTH2, we first 

performed real time PCR for Gpr44 expression on MLN cells as a positive control and 

IECs isolated from the small intestine of WT and Gpr44-/- mice, measuring detectable 

levels of Gpr44 in WT but not Gpr44-/- MLN and IECs (Fig 3.3a). To confirm that the 

Gpr44 signal in IECs was not a result of contaminating immune cells, we used a 

combination of flow cytometry to identify EpCAM-expressing IECs in WT mice and 

single cell RNA transcript staining for Gpr44 to show that murine EpCAM+ IECs 

expressed Gpr44 (Fig 3.3b). These data show for the first time that murine IECs 

express Gpr44 and are receptive to signals from the ligand PGD2.  

 Based on our data showing elevated goblet and tuft cell numbers in the small 

intestine in Gpr44-/- mice (Fig 3.2), we hypothesized that goblet and tuft cells would 

be enriched for Gpr44 expression. To test this idea, we sort-purified various IEC 

lineages(59-61) (Suppl Fig 3.2) and used real time PCR to determine which cell 

types expressed Gpr44. Goblet cells, identified as Live+CD45-EpCAM+UEA-

1+CD24-CD166- cells(41-44, 62) (Fig 3.3c) that preferentially expressed the goblet 

cell marker Muc2 (Fig 3.3d), were strongly enriched for expression of Gpr44 

compared to other lineages (Fig 3.3e). In addition, some Gpr44 expression was 

observed in tuft cells (Fig 3.3e), identified as Live+CD45- EpCAM+SiglecF+CD24+  
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Figure 3.3. Small intestine IECs express Gpr44. IECs were stripped from the small intestine and subjected to (a) 
real time PCR for relative expression of Gpr44 in C57BL/6 WT and Gpr44-/- mice, with MLN cells as a positive control, 
calculated relative to Actβ. (b) Gating strategy for single cell RNA transcript staining for Gpr44 on small intestine IECs 
cells from WT mice that were CD45-, β2M+, and EpCAM+. Gray shaded, no probe control; black line, fully stained. (c) 
Flow cytometry of cells sorted from small intestines of WT mice to identify goblet cell-enriched fractions. Gene 
expression in live, CD45-EpCAM+UEA1+CD24- goblet cell-enriched fractions for (d) genes representing different 
epithelial cell lineages Muc2 (goblet cells), Lgr5 (stem cells), Sis (enterocytes), Chga (enteroendocrine cells), Lyz1 
(Paneth cells), Dlck1 (tuft cells) and (e) Gpr44-/-. Mean±sem; (a) n=7-8/group, 3 independent experiments; (c,d) one 
representative experiment displayed, pooled from 4 different mice, 5 independent experiments; (e) 3-4 independent 
experiments from 3-4 pooled mice per experiment.  
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cells (55, 63, 64) that preferentially expressed the tuft cell marker Dclk1 (Suppl Fig 

3.2a) and ISC-enriched fractions that express the stem cell marker Lgr5 (Suppl Fig. 

3.2b). Other IEC lineages, including Paneth cell-enriched fractions (Suppl Fig 3.2c), 

and enterocyte-enriched fractions (Suppl Fig 3.2d) do not show enrichment for Gpr44 

(Fig 3.3e). Thus, among IECs, goblet cells in particular, which respond more robustly 

to N. brasiliensis infection in Grp44-/- compared to WT mice (Fig 3.2e, f), are enriched 

for Gpr44 expression. 

 

IL-4 and IL-13 promote and IFNγ suppresses Gpr44 expression in IECs 

 Next, we hypothesized that Type 2 cytokines associated with helminth 

infection would act upon the epithelium to increase Gpr44 expression, rendering IECs 

receptive to signals from PGD2 that would suppress or turn off goblet and tuft cell 

responses while Type 1 cytokines associated with decreased differentiation of stem 

cells(65) would decrease Gpr44 expression. Consistent with this idea, Gpr44 

expression was increased in IECs isolated from the villi of N. brasiliensis-infected 

compared to naïve WT (Fig 3.4a) while, the gene expression of GPR44 in human 

clinical samples from individuals with inflammatory bowel disease (Crohn’s disease 

or ulcerative colitis), that has been associated with an IFN-γ signature (60, 66-69) was 

decreased compared to healthy controls (Fig 3.4b).  

Critically, using the in vitro small intestinal organoid culture system that 

results in the generation of all known IEC lineages(70), Gpr44 expression was 

increased following stimulation of organoids with Type 2 cytokines, rm IL-4 and IL-

13 compared to that seen in organoids cultured in media alone (Fig 3.4c). On the other  
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Figure 3.4. IL-4 and IL-13 promote and IFN-γ suppresses Gpr44 expression in IECs. (a) C57BL/6 WT mice were 
infected with 500 Nippostrongylus brasiliensis (Nb) L3 larvae SQ. IECs were stripped from the small intestine of naïve 
and N. brasiliensis infected mice using a DTT wash protocol and expression of Gpr44 was quantified in villi and crypts 
fractions separated by a 70 µM strainer (b) Full transcriptome profile of human GPR44 was queried from RNA 
harvested from 13 unfractionated colon mucosal biopsies from healthy controls (c) Small intestinal organoids from WT 
mice were cultured for 2 days in media, Type 2 cytokines and/or IFN-γ.; (a) n=4-5/group, 5 independent experiments; 
(b) Healthy controls (HC) n =13, Crohn's patients (9 from inflamed colon, 7 from uninflamed) n = 16, and from 
ulcerative colitis patients (UC) (10 from inflamed colon, 8 from uninflamed) n=18. Data is displayed as mean Mean ± 
Standard deviation. (c) 2 different data points per group from pooled organoids experiment, 2-3 independent 
experiments. Data is displayed as mean Mean ± Standard error of mean. 

 

hand, stimulation with an opposing Type 1 inflammation-associated cytokine, IFN-γ 

which is influences epithelial cell differentiation(65), using concentrations below 

those previously described to lead to IEC death in the organoid model(71) resulted in 

downregulation of Gpr44 expression which was reversed in the presence of Type 2 

cytokines (Fig 3.4c). These results support data obtained from IECs isolated from 

helminth-infected mice and individuals with inflammatory bowel diseases and confirm  

that Type 2 and Type 1 cytokines play antagonistic roles in regulating Gpr44 

expression by IECs.  
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Figure 3.5. PGD2 downregulates Type 2 cytokine-induced mucin-associated changes in murine small 
intestinal organoids. Small intestinal organoids from C57BL/6 WT mice were cultured for 4 days in media or Type 2 
cytokines (250µg/mL recombinant murine (rm) IL-4 and 250µg/mL recombinant murine (rm) IL-13) with or without 
200nm PGD2 and CRTH2 inhibitor, 0C000459. Real-time PCR was used to measure expression of (a) Dlck1 (for tuft 
cell), (b) Muc2 for goblet cell and (c) Villin as control, calculated relative to Gapdh. Data is displayed as Mean± SEM. 
(d) Immunofluorescence staining for Muc2 and (e) Mean Fluorescence intensity on a per organoid basis. (a-e) 1-2 
independent experiments.  

 

PGD2 downregulates Type 2 cytokine-induced goblet cell changes in murine 

small intestinal organoids  

 Next, we assessed the direct role of PGD2 in the regulation of epithelial tuft 

cell and goblet responses during Type 2 inflammation, again employing the murine 

intestinal organoid model to isolate effects of PGD2 to IECs alone. Following 

stimulation with rmIL-4 and rmIL-13, murine small intestinal organoids upregulated 

expression of the tuft cell-associated gene Dclk1 (Fig 3.5a) and the goblet cell-

associated genes Muc2 (Fig 3.5b) as assessed by real time PCR. While PGD2 alone did 

not affect expression of Muc2 or Dclk1 in the absence of Type 2 cytokines, when 
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organoids were cultured with rmIL-4, rmIL-13, and PGD2 together, Type 2 cytokine-

elicited expression of tuft cell and goblet cell associated genes was downregulated 

(Fig 3.5a, b). Importantly, this regulation was selective, as expression of Villin was not 

altered in any culture condition (Fig 3.5c). Incubation of organoids with the selective 

CRTH2 inhibitor OC000459(72) partially abrogated the suppressive effect of PGD2 on 

Type 2 cytokine-elicited Dclk1 and Muc2 expression (Fig 3.5a, b, d, e). Similar 

findings as those described were observed when goblet cell changes were assessed by 

immunofluorescent staining for Muc2. Critically, these data establish a direct effect of 

PGD2 acting through CRTH2 on IECs to suppress Type 2 cytokine-elicited goblet and 

tuft cell responses.  

 

CRTH2 deficiency isolated to non-hematopoietic cells results in enhanced goblet 

cell responses and N. brasiliensis clearance 

 We and others have shown that the PGD2-CRTH2 pathway can have a pro-

inflammatory role in governing immune cell responses, particularly in the lung(27, 31-

34, 53, 73). However, enhanced worm clearance and IEC responses in Gpr44-/- mice 

(Fig 3.1a and Fig 3.2) and the direct suppressive effect of PGD2 via CRTH2 on Type 2 

cytokine-elicited IEC responses in murine intestinal organoids (Fig 3.5a-c) provoke 

the hypothesis that the dominant effect of the PGD2-CRTH2 pathway in vivo during 

intestinal helminth infection is to suppress IEC responses. To test this hypothesis, we 

generated BM chimeric mice that isolated CRTH2 deficiency to the hematopoietic or 

non-hematopoietic compartment (Figure 3.6a) and infected them with N. brasiliensis. 

On day 7 post-infection, worm burdens, Type 2 cytokine responses, and goblet cell  
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Figure 3.6. CRTH2 deficiency isolated to non-hematopoietic cells results in enhanced goblet cell responses 
and N. brasiliensis clearance. (a) Lethally irradiated WT or Gpr44-/- mice were reconstituted with WT or Gpr44-/- 
bone marrow and were infected with 500 N. brasiliensis (Nb) L3 larvae SQ. (b) Worm burden, (c) representative 
PAS/Alcian Blue staining in the small intestine, and (d) total numbers of PAS/Alcian blue positive cells at day 7 post-
infection. Scale bar = 50 µM. Mean±SEM; (a-d) n=1-4/group, 2-4 independent experiments. 

 

responses were assessed. Consistent with a role of the PGD2-CRTH2 pathway in 

regulation of IEC responses, chimeric mice with CRTH2 deficiency only in the non-

hematopoietic compartment, regardless of the genotype of the hematopoietic 

compartment, expelled their worms more efficiently than mice with a WT 

hematopoietic and non-hematopoietic compartment (Fig 3.6b). Intriguingly, a Gpr44-/- 

hematopoietic system in the context of a WT non-hematopoietic system conferred 

increased susceptibility to infection, consistent with a role for CRTH2 in promoting 

immune responses (Fig 3.6b) (27, 73) that emerges in the absence of the more 

dominant suppressive effect on the epithelium. In addition, chimeric mice with 
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CRTH2 deficiency in non-hematopoietic cells alone, regardless of the genotype of the 

hematopoietic system, had increased numbers of PAS/Alcian blue positive goblet cells 

compared to mice with a WT hematopoietic and non-hematopoietic compartment, 

with animals with a Gpr44-/- hematopoietic and WT non-hematopoietic compartment 

having significantly lower goblet cell numbers compared to all other groups (Fig 3.6c, 

d). Together, these results support the conclusion that while CRTH2 can promote anti-

helminth immune cell responses, the predominant function of the pathway in the 

intestine is to suppress non-hematopoietic responses. 

 

DISCUSSION    

 Helminth infection induces critical Type 2 cytokine-induced changes such as 

increased epithelial cell turnover(7), increased intestinal permeability(8), tuft cell 

hyperplasia(55-57), goblet cell hyperplasia, and enhanced mucin responses(9, 10) that 

are essential for effective worm expulsion(11). However, following clearance of the 

worms, these changes must be tightly regulated to prevent development of chronic 

inflammation and for tissue repair to occur. While various cytokine pathways have 

been associated with the return of tissue back to homeostasis(1, 14-19), the role of 

non-cytokine factors such as prostaglandins in the resolution of Type 2 cytokine 

induced epithelial cell responses is less clear. In this study, we demonstrate the 

previously unappreciated role of PGD2 and its receptor CRTH2 in the suppression of 

Type 2 inflammation-induced epithelial cell responses. Critically, CRTH2 deficiency 

was associated with better clearance of the helminth N. brasiliensis, highlighting the 

significance of the suppressive function of the PGD2-CRTH2 pathway in the intestine 
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and expanding our understanding of this pathways past its previously reported pro-

inflammatory role(27, 73).   

 Hallmark studies in the investigation of the regulation of immune responses 

during helminth infection have revealed a key role for cytokines in the promotion and 

suppression of Type 2 inflammation(1, 74). Cytokines, namely IL-13, are critical for 

eliciting physiological changes in the intestinal epithelium, including increased mucus 

production and goblet cell hyperplasia(74-80), tuft cell hyperplasia(55-57), RELMβ 

production(81), and altered kinetics of epithelial differentiation(7) that are required for 

efficient helminth expulsion. Other cytokines, including the Type 1 cytokine IFN-γ, 

can influence the differentiation and function of various epithelial cells(65), and recent 

studies have shown that IL-18 can influence production of specific goblet cell-derived 

factors(82). However, the influence of other non-protein soluble factors like lipids in 

the regulation of epithelial cell differentiation and function during helminth infection 

remains unclear. In addition, the factors that suppress or resolve helminth-induced 

epithelial changes remain less well studied. Thus, our data reveal a novel role for an 

eicosanoid lipid PGD2 and its receptor CRTH2 in the suppression of goblet cell 

responses in the small intestine.  

 Recent findings have significantly increased our understanding of how 

epithelial cells interact with other cell types in the small intestine to coordinate 

resistance to helminth infection and tissue repair(12, 54, 83, 84). For example, recent 

studies have described pivotal functions of tuft cells during infection as sensors of the 

parasite and orchestrators of ILC2 responses (55-57). Also, the development of a fetal-

like state in the ISC compartment(65) during infection reveal novel aspects of 
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epithelial biology and function during Type 2 inflammation. The importance of goblet 

cells and mucin responses in promoting N. brasiliensis clearance has been previously 

described (10, 81, 85). Of note, in a model of whipworm infection, Muc2 deficiency 

did not affect the establishment of Trichuris muris in mice, but was important in 

mediating the timely expulsion of the parasite(9). Though this finding remains to be 

confirmed in models of hookworm infection, together, these studies are consistent 

with our data showing that increased goblet cell hyperplasia in the absence of CRTH2 

was associated with normal parasite establishment but accelerated expulsion. These 

findings highlight that we do not yet fully understand how Type 2 inflammation 

affects epithelial differentiation and the activation of specific epithelial cell types such 

as goblet cell. Importantly, numerous open questions remain regarding how epithelial 

cells including goblet and tuft cells sense helminth products in the first place and how 

they integrate multiple signals, from IL-13, PGD2, to properly tune their response to 

worm infection. 

 Eicosanoid levels increase in various Type 2 inflammation models(54). Here, 

we demonstrate an increase in the gene expression of enzymes in the PGD2 synthesis 

pathway following helminth infection in the small intestine. Notably, the relevant 

cellular sources as well as the temporal and spatial regulation of eicosanoid production 

in inflamed tissues remain unclear. Various cell types, including immune cells and 

parenchymal cells (28, 29, 86-91), have the ability to produce eicosanoids. Previous 

studies have implicated mast cells as the primary source of prostaglandins(54, 92). 

However, studies assessing the effect of mast cell deletion during models of 

hookworm infection have yielded results that are difficult to reconcile, with mast cells 
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apparently playing roles in host protection in some studies and seeming to play a 

minimal role in others(93-96). These results are possibly due to the multi-functional 

roles of mucosal and connective tissue mast cells or to differences between and 

limitations of the various mouse models utilized to delete or deplete mast cells (96-

99). To date, the role of other cell types in PGD2 production during intestinal helminth 

infection is unknown, though recent work has identified the tuft cell as a key source of 

another eicosanoid family, the leukotrienes(100). In addition, how tissue architecture, 

tissue microenvironment, and cytokine milieu affect the kinetics of PGD2 production 

is currently unclear. 

 While previous studies have shown a clear pro-inflammatory role for the 

PGD2-CRTH2 pathway in promoting immune cell migration and Type 2 cytokine 

production in the lung(27, 54, 73, 101), our findings reveal an entirely new aspect of 

PGD2-CRTH2 biology in the intestine. Our data from BM chimeric mice, in which 

CRTH2 deficiency only in the non-hematopoietic compartment results in similar 

goblet cell responses and more efficient worm clearance to whole body CRTH2-

deficient mice, clearly demonstrate the importance of the suppressive role of this 

pathway. Interestingly, when CRTH2 deficiency was isolated to the hematopoietic 

compartment alone, these BM chimeric mice were rendered susceptible to infection. 

These data suggest that the PGD2-CRTH2 pathway is both pro- and anti-

inflammatory, and that temporal or spatial regulation of PGD2 production or CRTH2 

expression must be at play in this context to successfully expel the parasite and resolve 

the epithelial cell changes. Future studies will be required to dissect the diverse effects 
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of this pleiotropic pathway to increase our understanding of the role of eicosanoids in 

the regulation of helminth-induced Type 2 inflammation in the intestine.  
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Supplementary Materials  

 

 
Supplementary Figure 3.1 Gating strategy for immune cells(a) ILC2s in the MLN were gated as Live, CD45+Lin-

(CD3/CD5/CD11b/CD11c/CD19/NK1.1/TCRɣ) CD127+KLRG1+GATA3+IL17Rβ+. (b) CD4 T helper 2 cells were gated as Live, 

CD45+Lin(CD3/CD5/CD11b/CD11c/CD19/NK1.1/TCRɣ) +CD4+Gata3+, (c) Eosinophils in MLN were gated as Live, CD45+CD11b+SiglecF+ 
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Supplementary Figure 3.2. Bar graph showing different epithelial cell fractions with characteristic epithelial cell markers. Muc2 

for goblet cells, Lgr5 for stem cell, Sis for enterocytes, Chga for enteroendocrine cells, Lyz1 for Paneth cell and Dlck1 for tuft 

cells (a) Live+EpCAM+SiglecF+CD24+ sorted cells (b) Lgr5 sorted cells from Lgr5-GFP mice (c) Paneth cell from the Defa6-

CreERT;Rosa26-tdTomato mice d) Live+EpCAM+UEA1-CD24- sorted cells 
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CHAPTER FOUR 

SUMMARY AND FUTURE DIRECTIONS 

General Background 

Type 2 immunity is an important immune response that can have protective 

and/or pathogenic effects depending on the stimuli, tissue and disease state. Therefore, 

an understanding of the factors that positively and negatively regulate these processes 

at different mucosal tissues is key in the identification and development of new 

therapies to target this immune response. While, the role of proteinaceous factors such 

as cytokines are well recognized in regulating Type 2 inflammation, the interaction of 

these cytokines with other factors such as bioactive lipid mediators and the role of 

these bioactive lipid mediators in controlling Type 2 immune responses is less well 

understood. There have been previous reports of bioactive lipids having different roles 

depending on the type of inflammation, tissue site and stage of inflammation(1, 2). 

These findings suggest that specific bioactive lipids can have pleotropic effects 

depending on tissue site, disease state and time of response.  

  Prior to my work, factors that activated the PGD2 receptor CRTH2 to induce 

Type 2 inflammation in the lungs was unclear. Furthermore, the role of this pathway 

in other tissue sites including the gastrointestinal mucosa was also not clear. This role 

could have been similar to what is observed in the lungs or might have been different. 

Thus, in this thesis, I examined factors that activate the PGD2-CRTH2 pathway in the 

lungs and what role this receptor and pathway might be having in the gastrointestinal 

mucosa, revealing novel aspects of the biology of the PGD2-CRTH2 pathway in 

different tissues during Type 2 inflammation.  
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Summarized Findings 

Initial studies in this dissertation addressed the interactions between known 

Type 2 activating cytokine signal in the lung such as IL-33 with the PGD2-CRTH2 

pathway. In chapter 2, this study showed that the PGD2 receptor CRTH2 was partially 

required for IL-33 elicited ILC2 responses in the lungs. Here, we utilized different 

routes of administration of IL-33 and models of induction of Type 2 inflammation in 

CRTH2-deficient mice to provide insight into mechanisms that control accumulation 

of ILC2s in the lung during Type 2 inflammation. Critically, our findings provide new 

evidence for how the timing and the distribution of Type 2 inflammatory mediators 

can influence CRTH2-dependent migration of ILC2s to the lung during IL-33-elicited 

Type 2 inflammation. We demonstrated that ILC2s can accumulate in the lung in a 

CRTH2-dependent fashion during prolonged IL-33-induced systemic inflammation 

but not during acute or local inflammation with this effect specifically targeting ILC2s 

and having an impact on other CRTH2- and IL-33 receptor-bearing cells such as 

eosinophils and the CD4+ Th2 cells(3). Crucially, some previous work has suggested 

that ILC2s are largely tissue-resident cells, seeded early in life, that do not migrate to a 

substantial degree between tissues in adults(4-6). However, the study reported in 

Chapter 2 that utilizes different models of pulmonary Type 2 inflammation provides 

further explanation and insights to the ongoing debate about ILC2 tissue residency(4-

7) and circulation(8). Together, our data and recent literature (5, 9, 10) suggest that the 

timing and distribution of release of activating cytokines such as IL-33 may dictate the 

factors that control the recruitment and circulation of ILC2s from other tissue sites.  
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While the interaction between IL-33 and the PGD2-CRTH2 pathways is 

important in the accumulation of ILC2s in the lung, this pathway does not seem to 

have any direct effect on production and release of canonical Type 2 cytokines from 

ILC2s, contrary to reports from human studies(11). This suggests that the decreased 

Type 2 inflammatory signature observed in CRTH2-deficient mice treated with IL-33 

is principally a result of decreased proportions and numbers of ILC2 in the tissue 

rather than a result of the influence of this pathway on Type 2 cytokine production.  

In Chapter 3, studies focused on the understanding of the role of the PGD2-

CRTH2 pathway on the regulation of helminth-induced intestinal inflammation. We 

show that contrary to the pro-inflammatory role of the PGD2-CRTH2 pathway in Type 

2 inflammation in the lung, this pathway has an additional suppressive role in the 

intestine to regulate Type 2 cytokine-induced IEC responses. Critically, we 

demonstrate that epithelial cells, most importantly goblet cells, tuft cells and ISCs 

express Gpr44, the gene that encodes for CRTH2. Further, we showed that the 

transcript levels for this receptor can be positively regulated by Type 2 cytokines such 

as IL-4 and IL-13 and negatively regulated by the Type 1 cytokine, IFN-ɣ. Using the 

intestinal organoids system, we showed that PGD2 regulate Type 2 induced cytokine 

responses. Furthermore, using the Nippostrongylus brasiliensis model of helminth 

infection in CRTH2 deficient and WT-CRTHKO chimeric mouse models, we 

demonstrate that the PGD2-CRTH2 pathway has both pro-inflammatory and anti-

inflammatory roles in the regulation of Type 2 inflammation in the intestine. These 

findings highlight a novel regulatory effect of the PGD2-CRTH2 pathway on 

helminth-induced Type 2 intestinal inflammation and have important implications for 
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the development of therapies targeting diseases associated with Type 2 immune 

mechanisms. 

The findings presented in Chapter 2 and 3, have contributed to our basic 

understanding of how the PGD2-CRTH2 pathway in the lungs is activated and 

highlight the role of this pathway in the regulation of Type 2 inflammation in the 

airway mucosa and gastrointestinal mucosa. Critically, we have further demonstrated 

that the lipid pathway can have varying roles depending on the tissue sites and timing 

of Type 2 inflammation.  

 

Figure 4.1: Overview of Chapters 

 

Future Directions and Discussion 

This thesis has focused on the role of the PGD2-CRTH2 pathway in the airway 

and gastrointestinal mucosa, however there are a number of outstanding questions that 
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were beyond the scope of this work. These include, assessing the role of this pathway 

in other mucosal sites in the body such as vaginal mucosa, and in other models of 

Type 2 inflammation in the intestine during food allergies.  

In addition, questions surrounding the need for this pathway despite other 

previously identified suppressive mechanisms(12-18) during intestinal Type 2 

inflammation at this point is not currently clear. The immune system is generally 

known to be have several redundancies to keep the body in check. Therefore, it would 

be critical to assess the influence of this pathway on some of the previously 

highlighted regulatory mechanisms such as the differentiation and accumulation of 

CD4+ T reg cells population in the tissue sites itself.  

Also, the airway mucosa and gastrointestinal mucosa are known for various 

other functions different from just being barrier sites. For example, the airway mucosa 

is known to be critical for air exchange while the gastrointestinal mucosa has other 

critical absorptive functions. Therefore, it would be interesting to assess the influence 

of this pathway in the ability of these tissue sites to perform their functions.  

Furthermore, intestinal helminths are known to interacts with intestinal 

microbiome residing in the same microenvironment as they are(19).  As a 

consequence, intestinal helminth infections are capable of inducing significant 

microbiome dysbiosis sometimes through production of intestinal antimicrobial 

proteins(20, 21) as well as through epithelial cell changes like goblet cell associated 

mucus production and glycosylation(19, 22). Therefore, it is possible that in the 

absence of resolving pathways that brings the intestine back to a state of homeostasis 

can further impact this microbiome population and the metabolites they produce 
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leading to a state of continued intestinal dysbiosis and tissue inflammation. Therefore, 

it will be critical to determine the influence of the absence of suppressive effect of the 

PGD2-CRTH2 pathway on the intestinal microbiome and their metabolites. This is 

would be particularly interesting especially as intestinal dysbiosis is associated with 

various chronic intestinal inflammatory disease conditions(23).  

In addition, Type 2 induced fibrogenesis has been associated with chronic 

inflammatory conditions such as IBD(24) such that pathways that antagonize these 

mechanisms has been shown to have ameliorative effects (25, 26). Therefore, for these 

types of IBD, one could propose that the use of PGD2 for amelioration of chronic 

Type 2 inflammation. On other hand, for IBDs associated with epithelial cell changes 

and other inflammatory pathways like Th1 and Th17 associated cytokines, it would be 

interesting to see the effects of combination therapies like use of type 2 cytokines with 

CRTH2 inhibitors.  

Furthermore, the critical source of PGD2 in the lungs and intestine during Type 

2 inflammation is not currently clear. Several cell types such as immune cells like 

mast cell, dendritic cell, macrophages and non-immune cells like tuft cell and platelets 

can produce prostaglandins. But whether there is a tissue and time dependent influence 

on the source of PGD2 during Type 2 inflammation is currently not clear.  

In addition, key question as regards how this pathway is able to regulate the 

Type 2 cytokine-induced response is currently unclear. Is this pathway affecting the 

differentiation of ISCs into the secretory cell pool including tuft and goblet cells? This 

question is especially critical as ISCs seem to express low levels of CRTH2. The 

alternative hypotheses and/or mechanism are that the PGD2-CRTH2 pathway is acting 
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directly on these cells to influence tuft cell and mucin associated responses. This 

pathway could also be acting to influence responsiveness to Type 2 cytokines through 

regulation of IL-4 and/or IL-13 receptors. These are all important mechanistic 

questions that would help shed better light on how this pathway is acting to regulate 

epithelial cell responses.  

Previous studies have demonstrated that the production of various bioactive 

lipid mediators such as prostaglandins is very related, starting from AA and then 

diverging to different pathways (Figure 1.1) (27-30). Therefore, it will be essential to 

determine if the absence of CRTH2 influences and changes the distribution, synthesis 

and production of other bioactive lipid mediators, such as prostaglandins and/or the 

production of other downstream degradation products.  

 

Conclusions 

Overall, this thesis demonstrates an essential role for the PGD2-CRTH2 

pathway in the regulation of Type 2 inflammation at mucosal surfaces especially in the 

lungs and the intestine. In addition, this work highlights that in the airway mucosa, 

there is an interaction between the IL-33 activating pathway and the PGD2-CRTH2 

pathway with the IL-33 pathway inducing prostaglandin synthesis and regulating 

migration of group 2 innate lymphoid cells (ILC2) into the lungs. Furthermore, the 

findings reveal a critical role for the PGD2-CRTH2 pathway in suppressing epithelial 

cell responses in the intestine following Type 2 inflammation, with the pathway 

having both proinflammatory and anti-inflammatory role in the regulation of Type 2 

inflammation in this context.  
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Inflammation is the body’s response to a foreign stimulus, and different tissue 

sites are made up of different cell types and have different levels of exposure to 

foreign stimuli. For example, the airway mucosa, based on its structural and functional 

properties, might be less exposed to foreign stimuli than the gastrointestinal mucosa. 

Therefore, from a functional and evolutionary perspective, it might be more important 

to generate a rapid and on-going pro-inflammatory response in the airway mucosa 

than the gastro-intestinal mucosa that is constantly exposed to various antigens like 

food antigens and commensals. Therefore, the PGD2-CRTH2 pathway may play 

critical functions to induce an immune response and also have a suppressive role 

during inflammation in a more exposed mucosal surface like the gastro-intestinal 

mucosa. In addition, helminthic parasites can also produce prostaglandins(29, 31). 

This fact raises the possibility that the PGD2-CRTH2 pathway, with parasite-derived 

PGD2 acting on host CRTH2 can serve as an evasive mechanism to allow these 

parasites to live within the host for a long time without being cleared from the body. 

Finally, the results presented in this thesis has revealed important interactions 

and roles for previously unappreciated bioactive lipid mediators like PGD2 and its 

receptor, CRTH2, in the mechanisms important for Type 2 inflammation at mucosal 

sites. Together, this may inform the development and use of therapies in the treatment 

of Type 2 inflammatory diseases.  
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