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ABSTRACT OF THE DISSERTATION 

 

Immunoregulatory Mechanisms in a Mouse Model of Hookworm Infection 

 

by 

 

Hashini M. Batugedara 

 

Doctor of Philosophy, Graduate Program in Microbiology 

University of California, Riverside, December 2018 

Dr. Meera Nair, Chairperson 

 

Parasitic worms infect billions of people worldwide. In humans, these infections and 

inflammation are chronic and debilitating. Therefore, it is imperative to explore host factors that 

regulate immunity and promote parasite clearance and host protection. In this thesis we discuss two 

such host factors; resistin like molecules and endocannabinoids. 

We describe here that during infection with the rodent hookworm Nippostrongylus 

brasiliensis (Nb), a host molecule named RELMa dampens Th2 inflammatory responses. We use 

bone marrow (BM) chimera technology to show that RELMa from BM-derived cells and not non 

BM cells dampens Th2 immunity and prevents worm clearance. We show that of the BM cells, 

CD11c+ lung macrophages are the dominant source of RELMa. Next, we employ a macrophage-

worm co-culture system and found that RELMa impairs the ability of macrophages to attach to 

and kill worms. By conducting gene expression analysis, we show that RELMa decreased cell 

adhesion and Fc receptor signaling pathways, which are associated with macrophage-mediated 

helminth killing.  
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Second, we explored how endocannabinoid signaling influences host immunity to 

helminths. Endocannabinoids are lipid-derived signaling molecules that function in feeding 

behavior and metabolism. Following Nb infection, we detected elevated levels of endocannabinoids 

2-AG and AEA in the worm infected mouse lung and intestine. To test how endocannabinoids 

influence helminth infection, we utilized pharmacological inhibitors of cannabinoid receptors. We 

found inhibition of CB1R resulted in higher worm and eggs burdens which was correlated with 

decreased amounts of the Th2 cytokine IL-5 in the host. Interestingly, bioinformatic analysis 

revealed putative genes encoding endocannabinoid biosynthetic and degradative enzymes in many 

parasitic nematodes. Additionally, we found that all lifecycle stages of Nb produce 

endocannabinoids. Therefore, we report for the first time that helminth and host-derived 

endocannabinoids promote host immune responses and reduce parasite burden. 

Collectively, these studies demonstrate two mechanisms of immunomodulation during 

helminth infection. In the first mechanism, BM-derived RELMa dampens immune responses and 

inhibits macrophage killing of worms. In the second mechanism, we describe how host and 

parasite-derived endocannabinoids promote host immunity by upregulating Th2 immunity which 

drives parasite clearance. In summary, we have identified key regulators of immune responses in 

helminth infection. 
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CHAPTER ONE ï Introduction: Resistin-Like Molecules and Endocannabinoids Regulate 

Inflammation and Immunity During Helminth Infections 

 

Hashini M. Batugedara1 and Meera G. Nair2 
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Abstract 

Infections with parasitic worms are met with a T helper type 2 (Th2) immune response by 

the host. Th2 immunity is important for controlling parasite burdens during primary infections 

and for developing immunity to subsequent secondary infections. Parasitic worm infections are 

typically chronic in nature where worms persist within the host for long periods of time causing 

physical damage as they migrate through tissues. Th2 immunity has evolved to rapidly repair 

tissue damage caused by parasites and is critical for restoring tissue integrity and homeostasis. 

However, due to the chronicity of helminth infections, tissue repair processes can be persistent 

and can ultimately lead to debilitating fibrosis. Therefore, Th2 immunity needs to be delicately 

regulated to clear infection and protect the host from excessive inflammation.  

In this chapter, we will introduce the significance of studying helminth infections, a 

laboratory model for studying helminth infections and the host immune response generated 

against parasitic worms. We will conclude with a review of resistin-like molecules and 

endocannabinoids, two host factors found to be immunoregulatory during helminth infection, for 

their multifaceted roles in physiology and specifically in the immune system. 
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Helminth infections 

Helminth infections as a public health concern 

Parasitic worms, known scientifically as helminths, are a global health concern as they 

cause devastating disease in an estimated two billion of the worldôs poorest populations. 

Nematodes (intestinal and filarial worms) and platyhelminths (trematodes, flukes and cestodes) 

constitute the two phyla of helminths [1]. The major intestinal helminth infections of humans are 

caused by Ascaris lumbricoides (roundworm), Trichuris trichiura (whipworm), Necator 

americanus and Ancylostoma duodenale (hookworm) [2]. While roundworm and whipworm are 

transmitted by swallowing parasite eggs, hookworms enter the host by infectious larvae 

penetrating the skin (Table 1). Once in the host, roundworms and whipworms hatch, mature and 

propagate in the small and large intestine, respectively. Hookworms that penetrate the skin travel 

through vasculature and the lungs, then mature and lay eggs in the intestine. The adult parasite 

tenure within the host is species dependent but ranges from 1 to 7 years. All three intestinal 

parasites complete their lifecycle by being passed in feces as eggs that then survive in 

contaminated soil until they come in contact with a suitable human host [3]. Therefore, diseases 

associated with intestinal helminths are prevalent in sub-tropical areas with poor sanitation 

conditions that cause infections and re-infections to be common.  

 

Clinical manifestations of helminth infection 

Due to the chronic nature of most helminth infections, helminthiasis is not associated 

with high mortality but rather, with high morbidity. Acute disease symptoms caused by parasitic 

worm infections include anemia, weight loss and swelling of extremities or more severely, 

chronic helminth infections have been associated with life-long morbidity including growth 

retardation and organ failure [4, 5]. Containment of helminth infections currently rely on 
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treatment with anti-parasitic drugs such as ivermectin, mebendazole and albendazole [2]. An 

interesting feature of helminth infection is that worm burdens are not equally distributed in a 

given population [6]. This led to coining the term ñwormy personsò, suggesting that differences in 

host biology may contribute to the magnitude of infection. Further, there is no clear evidence that 

the infected host develops lasting protective immunity to helminths. Therefore, in endemic 

regions, even with the availability of anti-parasitic drugs, re-infections occur. To this end, 

investigating host factors that contribute to and regulate immunity to helminths is critical. 
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Table 1.  Characteristics of nematodes that commonly infect humans 

  Ascaris 

lumbricoides 
Trichuris trichiura 

Necator americanus 

Ancylostoma duodenale 

Disease Roundworm 

infection/Ascariasis 

Whipworm 

infection/Trichuriasis 

Hookworm infection 

Population infected 

(millions) 

807-1221 604-795 576ï740 

Route of infection  Ingestion of eggs Ingestion of eggs L3 larvae skin 

penetration 

Site of infection Small intestine Caecum and colon Lungs and small 

intestine 

Lifespan in host 

(years) 

1 1.5-2 5-7 
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Nippostrongylus brasiliensis as a model of hookworm infection 

Nippostrongylus brasiliensis (Nb) is widely used as a model to study human hookworm 

infection. Nb is a natural parasite of rodents which shares homology to human hookworms 

Necator americanus and Ancylostoma duodenale. In laboratory studies, mice are infected with Nb 

by subcutaneous injection. Similar to the human hookworm lifecycle, the Nb larvae enter the 

vasculature of the mouse and then enter the lungs at 1-2 days post infection. While in the lungs 

Nb burrow through the tissue causing massive hemorrhaging [5]. Importantly for the worm, they 

undergo development from L3 to L4 larvae. Starting at day 3 post infection, worms travel via the 

trachea and esophagus of the mouse and enter the stomach and small intestine. In the small 

intestine, the worms mature to their adult stage, propagate, and produce thousands of eggs per 

day. These eggs are passed in the feces starting at day 6 post infection and persists until worms 

are cleared by day 9 post infection [7]. The eggs that pass in the mouse feces can be collected and 

cultured in the laboratory using fecal culture methods [8]. In the fecal culture, eggs hatch within 

24 h and undergo two molts to develop into L3 infectious stage larvae. To isolate L3 larvae for 

experiments, L3 from fecal cultures can be extracted using a Baermann apparatus [8]. Of note, the 

Nb lifecycle differs from human hookworms in that the mice can clear the worms from their 

system by approximately day 10 post infection with immunity developed for challenge secondary 

infections [7]. In contrast, human hookworms are retained in the host small intestine for 1-5 years 

with little to no immunity developed for re-infection. Due to the ease of maintaining the lifecycle 

and susceptibility of laboratory mice and rats, Nb is currently widely used to as a model for 

studying host responses to hookworms. 
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Figure 1. Nippostrongylus brasiliensis lifecycle in the mouse used for laboratory studies. 
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Host immunity to helminth infections 

The host immune response against invading pathogens can be characterized broadly as 

type 1 (Th1) or type 2 (Th2). Th1 responses are host responses against bacteria, viruses and 

intracellular parasites. In contrast, the host launches a Th2 responses against helminths and 

extracellular parasites. Each type of immune response is characterized by a specific set of 

cytokines unique to the relevant inflammatory milieu. The primary Th1 cytokines are IFNg, 

TNFa and IL-2, whereas the primary Th2 cytokines are IL-4, IL-5, IL-9 and lL-13 [9]. Once 

initiated by the appropriate pathogen, the immune response and associated cells and cytokines 

interact in a coordinated effort to clear the pathogen and return the host back to homeostasis. 

 

Th2 activation 

In contrast to Th1 immunity that is triggered by pathogen associated molecular pattern 

(PAMP) signaling by immune cells, Th2 immunity is trigged by danger associated signaling 

patterns (DAMPS) by damaged tissue. Specifically, during hookworm infection, damaged barrier 

tissues of the skin and lung produce DAMPS such as Trefoil factor 2 [9, 10]. DAMPS can then 

drive damaged epithelial cells to produce molecules known as alarmins such as thymic stromal 

lymphopoietin (TSLP), IL-33 and IL-25. IL-33 and IL-25 produced by damaged epithelial cells 

initiates the recruitment of innate lymphoid cell type 2 (ILC2), which contribute large quantities 

of Th2 cytokines IL-5 and IL-13 [9, 11]. Eosinophils and basophils that are recruited in response 

to these cytokines bind circulating IgE bound to parasites with their receptor FceRI. This 

granulocyte-IgE interaction causes cell activation that leads to degranulation and effector 

molecule release for parasite damage [12]. Eosinophils and basophils play additional role as they 

are important innate sources of IL-4. These innate sources of IL-4 in addition to IL-33 and IL-25 
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help activate T helper 2 cells which then in turn produced more IL-4 and IL-13 that further 

intensifies the Th2 milieu [9]. 

  

Alternatively activated macrophages 

Th2 cytokines activate B cells, antibody production and differentiation of alternatively 

activated macrophages (AAMs; versus classically activated macrophages in Th1 settings). AAMs 

play an important role in  promoting wound healing [13]. Parasite migration and exacerbated 

inflammation leads to tissue damage that is then repaired by products of alternatively activated 

macrophages. AAMs promote wound healing by regulating inflammatory responses, 

phagocytosing debris in the affected tissue and by expressing a number of genes involved in 

wound healing such as arginase-1 and RELMa [13, 14]. Multiple studies that depleted 

macrophages in a skin injury model found that AAMs function in downregulating hemorrhage 

and promoted fibrogenesis and reepithelization [15, 16]. 

 

Lung inflammation during hookworm infection 

Specifically, during hookworm infections, the host suffers from severe lung hemorrhage 

as the worm migrates through lung tissue as a natural step in their lifecycle [5]. The immune 

response that is launched against the worms also contributes to tissue damage. Collectively, lung 

damage can lead to acute inflammation that develops into chronic inflammation [17]. This 

inflammation and tissue remodeling induced by hookworms shares characteristics with the lung 

pathology observed in allergy, asthma and chronic obstructive pulmonary disease [17-19].  
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Intestinal inflammation during hookworm infection 

In the intestines, hookworms that arrive from the lungs attach to the intestinal epithelium 

and feed on host blood. Here, immune and non-immune cells alike respond to IL-4 and IL-13 

produced during intestinal worm infection. IL-13 drives a mechanism known as ñ the epithelial 

escalatorò and ñweep and sweepò [20]. In the epithelial escalator, intestinal epithelial cells 

respond to IL-13 by undergoing excessive cell proliferation that leads to shedding of epithelial 

cells and the worms attached to them. In the weep and sweep mechanism, intestinal goblet cells 

produce excessive mucus and cause smooth muscle contraction to expel worms [20]. In a study 

where AAMs were depleted using clodronate liposomes it was shown that AAM products such as 

arginase-1 contribute to smooth muscle contraction and the weep and sweep method for parasite 

elimination from the intestines [21]. In both the lungs and the intestines, the process of immune 

clearance of pathogens is highly regulated where proinflammatory signaling for pathogen 

clearance is held in tight balance with immunoregulatory signaling to prevent host tissue damage. 

In this thesis, we will discuss two mechanisms of Th2 immune regulation during 

helminth infections of mice. First, we will present a study on immune response downregulation 

by a host molecule known as RELMa that functions to impair macrophage functions against 

parasitic worms. The second study will detail host and parasite derived endocannabinoid 

production during hookworm infection, which contributes to an upregulated immune response 

important for worm clearance. Together, these studies will reveal the complex nature of immune 

responses during insult by parasitic worms and highlight the mechanisms by which two 

seemingly unrelated host molecules, RELMa and endocannabinoids, function in parallel for host 

protection during helminth infection. 
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Resistin-like molecules (RELMs) 

Resistin-like molecules (RELMs) are mammalian secreted proteins, which were identified 

less than 20 years ago in different disease settings, leading to differing nomenclature. RELMa 

(Retnla) was the first RELM protein discovered in a mouse model of asthma, where it was named 

FIZZ1 for Found in Inflammatory Zone. Murine resistin (Retn/FIZZ3) was subsequently 

identified and functionally characterized in metabolic dysfunction, where it caused ñresistanceò to 

insulin, leading to the more common nomenclature for this protein family as óRELMsô. Finally, 

RELMa was also investigated in hypoxia and named Hypoxia-Induced Mitogenic Factor (HIMF) 

[22]. The complex nomenclature demonstrates significant diversity in RELM expression pattern 

and functions, however, it may cause confusion and potential bias when searching for studies on 

this intriguing family of proteins.   

 

RELM gene and protein structure 

The RELM gene family (Retn) was originally identified in mice, but appears to be 

present in all mammals [23]. While mice and rats have four RELM genes Retn, Retnla, Retnlb, 

Retnlg; only Retn and Retnlb belong to a diverse taxonomic group, including humans, nonhuman 

primates, canines, cats and horses. In mice and rats, three of the four RELM genes, Retnlb, Retlna 

and Retnlg, are clustered together on chromosome 16 [24]. These genes share the most sequence 

homology and exhibit similar transcriptional regulation but are differentially expressed in cell-

types and tissue. In comparison, mouse Retn, human Retn and human Retnlb exhibit greater 

diversity in transcriptional regulation and expression pattern, and are present on different 

chromosomes (chromosomes 8, 19 and 3 respectively). Sequence identity is high between human 

and mouse RELM proteins, with ~ 60% homology in amino acid sequence [25, 26]. 
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RELM genes encode secreted proteins of 105-138 amino acids in size with 3 main 

domains: an amino (N) terminal signal sequence, a variable middle section, and a conserved 

carboxyl (C) terminal. The C terminal is comprised of a cysteine signature motif sequence shared 

by all RELM family members (C-X11-C-X8-C-X-C-X3-C-X10-C-X-C-X-C-X9-CC-X3ï6-END), 

which is proposed to be critical for disulfide bond formation and protein folding [24, 27, 28]. The 

crystal structures of mouse resistin and RELMb have been solved, revealing that they form 

trimers linked together via disulfide bonds to form hexameric assemblies [29]. Dimerization of 

RELMb and resistin was dependent on a cysteine in the N-terminal. This cysteine is lacking in 

RELMa and RELMg, suggesting that they may exist as monomers [30, 31], however their crystal 

structure has not been solved. A better understanding of the RELM protein structure may provide 

important information for identification of the receptors, which remain unknown for many of the 

RELM proteins.   

 

Genetic regulation of RELM expression 

The genetic regulation and expression profile of the RELM genes have been well 

characterized from several human and murine studies (Figure 2A). These studies reveal both 

shared and distinct cellular expression profiles within the RELM gene family (Figure 2B). While 

some RELM genes, such as RELMa, RELMg and human resistin, are expressed by 

hematopoietic cells, mouse resistin, RELMa and RELMb are expressed in non-hematopoietic 

cells. All mouse and human RELM proteins are detectable in the serum, offering the potential to 

utilize RELM levels as biomarkers [32-34].  

RELMŬ/Retnla exhibits the greatest heterogeneity in expression within the RELM 

family. Under homeostatic conditions, Retnla mRNA is present at low levels in the lung, tongue, 

mammary tissue, and white adipose tissue [27]. Originally discovered as a secreted protein in the 
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bronchio-alveolar lavage of ovalbumin-challenged mice, the consensus from multiple studies 

using mouse asthma models is that RELMa is highly expressed by airway epithelial cells and 

type 2 pneumocytes [22, 35, 36]. Consistent with this, RELMa transcription is driven and 

critically dependent on a Th2 cytokine environment. Indeed, binding sites for the Th2 cytokine-

induced transcription factor STAT6 are present within the Retnla promoter, and STAT6-/- or IL-4-

/- mice exhibit reduced RELMa expression [37, 38]. In addition to expression by non-

hematopoietic cells, RELMa is also recognized as a key signature gene of M2/alternatively 

activated macrophages that differentiate in chronic, Th2 cytokine-skewed conditions such as 

helminth or chronic protozoan parasite infection [38-41]. RELMa expression by other immune 

cells, eosinophils and dendritic cells (DC), has also been reported [39, 42]. RELMa is also 

expressed in lung and peritoneal injury models, and following hypoxic stress [22, 43, 44]. In 

these models, RELMa expression may rely on other transcription factors, such as 

CCAAT/enhancer-binding protein (C/EBP), which binds to itsô specific motif adjacent to the 

STAT6 binding site in the Retnla promoter [37]. While RELMa induction can occur in the 

absence of Th2 cytokine signaling, likely through C/EBP, sustained RELMa expression requires 

Th2 cytokine stimulation [44]. Interestingly, functional transcription studies revealed that C/EBP 

binding to the Retnla promoter was necessary for IL-4/STAT6-induced Retnla expression, 

suggesting that the STAT6 and C/EBP work in tandem to activate the Retnla gene [37]. There are 

also putative binding sites for Ets family proteins and PPAR, upstream and downstream of the 

STAT6 binding site respectively [37]. Furthermore, transcription factor binding motifs for NF-

əB, GAS, and C/EBP are present throughout the Retnla gene, both in the 5ô and 3ô flanking 

regions and in introns [22]. 
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Figure 2. RELM expression in mouse and man. A) Genetic regulation and chromosome 

location of the human and murine RELM genes. Dashed arrows represent putative transcriptional 

regulation, while solid arrows represent molecularly confirmed transcription factors. B) 

Phylogenetic tree illustrating the relatedness of mouse and human RELMs was generated using 

http://www.phylogeny.fr software. Bootstrap values are indicated in red. The primary cell types 

that express each RELM are presented. 
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RELM putative receptors and downstream signaling 

RELMs have been studied and implicated in diverse physiological functions. Surprisingly 

however, the RELM receptors and downstream signaling pathways are largely elusive. Of the 

four RELMs, resistin is the only member thus far with a confirmed receptor, whereas the rest of 

the members are associated with putative or unknown receptors. Figure 3 summarizes our current 

understanding of RELMŬ protein signaling and function. 

Although extensively studied, the search for a RELMŬ receptor still continues (Figure 3). 

RELMa binding assays revealed that it selectively binds to CD4+ Th2 cells, DCs and 

macrophages [45]. There is evidence that Brutonôs tyrosine kinase (BTK), an important signaling 

molecule in B cell maturation, is a binding partner for RELMŬ [45, 46] (Figure 3, I). 

Immunofluorescent assays have shown that upon RELMŬ stimulation, BTK redistributes and 

anchors to the cell membrane where it then co-localizes with RELMŬ [46]. Given that BTK is an 

intracellular protein, the exact interaction between the secreted extracellular RELMŬ and 

intracellular BTK is unclear. Two distinct outcomes of RELMŬ binding associated with BTK 

signaling have been reported. First, RELMŬ induced BTK autophosphorylation stimulated 

myeloid cell chemotaxis. Second, in an in vitro CD4+ Th2 cell differentiation assay, RELMa 

downregulated Th2 cytokine production in a BTK-dependent manner [45, 46]. 

Several in vitro studies demonstrated a chemotactic and mitogenic function of RELMŬ, 

positing a function for RELMa in angiogenesis and tissue remodeling (Figure 3, II). In human 

pulmonary artery smooth muscle cells, RELMŬ increased intracellular Ca2+ concentrations by 

activating inositol 1,4,5-triphosphate receptor (IP3R) in a phospholipase C dependent mechanism 

[47]. RELMŬ also stimulated proliferation of rat pulmonary microvascular smooth muscle cells 

via the PI3K/AKT signaling pathway, and induced expression of angiogenesis mediators: VEGF 

and MCP-1, and monocyte recruiting chemokine SDF-1x [22, 48]. In a lung fibrosis model, 
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RELMŬ was implicated in myofibroblast differentiation during lung fibrosis, likely through 

activation of Notch1 and Jagged1 [49]. While fibroblast activation is detrimental in pulmonary or 

liver fibrosis, it is a required wound healing process following tissue injury. Recent evidence 

supports a critical function for RELMa in wound healing through fibroblast activation. Following 

skin excision wounds in mice, RELMa induced fibroblast expression of lysyl hydrolase 2, an 

enzyme that mediates collagen cross-linking for skin repair and tissue regeneration [50-52]. 

Finally, RELMŬ also acts as an adipokine to regulate metabolic homeostasis [53]. RELMa 

increased expression of cholesterol-7-Ŭ-hydroxylase (Cyp7a1) in hepatocytes by inducing the 

transcriptional activator liver receptor homologue-1 (LRH-1). This effect was beneficial in 

hyperlipidemic mice as it promoted excretion of cholesterol in the form of bile acids (Figure 3, 

III).  
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Figure 3. Proposed receptor and signaling of RELMa. 
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RELM function in mice and men 

There have been a multitude of diverse studies investigating RELM protein function, 

some of which, reveal opposing functions. This section will review the functional studies on 

RELMs and their putative roles in infection, inflammatory and autoimmune diseases and 

metabolic function (summarized in Figure 4). 

 

Microbial infection 

The use of RELMa-/- mice in helminth and bacterial infection as well as helminth antigen 

sensitization models has revealed complex host immunomodulatory roles for this protein. 

Following infection with the rodent hookworm Nippostrongylus brasiliensis, RELMa suppressed 

Th2 cytokine responses through functional effects on CD4+ Th2 cells, which impaired optimal 

adult worm expulsion [32, 45, 54]. On the other hand, RELMaôs suppression of Th2 

inflammation had beneficial effects for the host as it prevented excessive and potentially fatal 

lung inflammation. It seems therefore that RELMa acts as a critical rheostat in the balance 

between host immunity and inflammation, preserving host immune homeostasis sometimes at the 

expense of optimal antimicrobial immunity. In addition to direct suppression of CD4+ Th2 cells, 

RELMa was also able to promote IL-10 producing regulatory T cells following stimulation with 

Schistosoma mansoni antigen-pulsed DCs [42]. In a mouse model of 

enteropathogenic/enterohemorrhagic bacterial infection with Citrobacter rodentium, RELMa-

mediated suppression of Th2 cytokines led instead to increased Th17 cytokine-driven 

inflammation in the colon. Surprisingly, RELMa immunostimulatory effect had no significant 

effect on bacterial clearance suggesting that RELMa expression in Citrobacter rodentium 

infection was solely detrimental to the host [55, 56]. 
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Inflammatory and fibrotic disease 

As in infection, the role for RELM proteins in influencing the immune response is 

recognized in several studies on inflammatory and fibrotic diseases. However, whether they play 

a pathogenic function in stimulating inflammation, or instead protect against excessive 

inflammatory responses is controversial. Some of this conflicting evidence may be caused by 

discrepancies between correlative and functional studies, while another contributor may be the 

use of endotoxin-contaminated bacterially-derived recombinant proteins. In addition to these 

caveats, it is becoming increasingly clear that the disease context and RELM protein level and 

expression pattern may be critical for their beneficial or pathologic outcomes. 

RELMa is highly expressed in lung injury and allergic airway inflammation models, 

where several studies, using recombinant RELMa administration or RELMa-expressing 

transgenic mice, confirmed a function in promoting chemotaxis for eosinophils and DCs, and 

vascular inflammation [48, 57-59]. On the other hand, RELMa-/- mice exhibited similar airway 

and lung inflammation compared to wild-type mice following ovalbumin or Aspergillus-induced 

allergic airway inflammation [60]. In another study using RELMa-overexpressing transgenic 

mice, RELMa significantly suppressed ovalbumin-induced Th2 lung immune responses, 

correlated with reduced pERK signaling [35]. This is consistent with the original studies reporting 

RELMa-/- mice, where RELMa dampened the Th2 lung inflammatory response to sensitization 

and challenge with helminth Schistosoma mansoni egg antigen [45, 54]. 

In several studies investigating dextran sodium sulfate-induced intestinal inflammation as 

a mouse model of ulcerative colitis, RELMa-/- mice exhibited reduced intestinal pathology and 

Th17 and TNFa cytokine responses compared to wild-type mice [55, 61-63].  

RELMŬ function in tissue repair and fibrosis is better understood with several studies 

showing that RELMa promotes these processes. Both tissue repair and fibrosis share similar 
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pathways, such as stimulation by Th2 cytokines [64]. However, tissue repair is the desired 

outcome to injury while fibrosis, or scarring, occurs when tissue repair is not kept in check. Given 

that RELMa is stimulated by Th2 cytokines following both lung and skin injury, it was posited 

that RELMa maybe the downstream mediator of Th2 cytokine-induced tissue repair. Supportive 

of this, RELMa promoted myofibroblast differentiation and increased expression of type 1 

collagen and a-SMA expression, leading to thickened fibrotic dermis and extracellular matrix 

deposition in bleomycin-induced dermal fibrosis [65]. Another study using skin biopsy-induced 

injury showed that IL-4 activated RELMa mediated skin healing by controlling collagen fibril 

assembly [50]. RELMa was profibrotic in bleomycin-induced pulmonary fibrosis through several 

proposed mechanisms: bone marrow cell recruitment, increased expression of VEGF, fibroblast 

and myofibroblast activation [66, 67].  

 

Metabolic function  

RELMŬ expression is observed within white adipose tissue of high fat diet-fed mice [53]. 

RELMŬ deficiency in hyperlipidemic and atherosclerotic mice resulted in significant cholesterol 

increase, while overexpression of RELMŬ resulted in the reverse effect [53]. Mechanistically, 

RELMŬ overexpression upregulated the liver cholesterol catabolic enzymes, Cyp7a1 and 

Cyp8b1, which are responsible for breaking down cholesterol and converting it to bile acid. 

Consistent with this, RELMŬ overexpressing mice had increased fecal bile acid content and fecal 

cholesterol indicating a RELMa-mediated mechanism for cholesterol breakdown and 

clearance. RELMŬ thus induces depletion and clearance of cholesterol, and further implies that 

RELMŬ has beneficial functions in metabolism. However, in another study, RELMŬ expressed 

by CD301b+ mononuclear phagocytes within the white adipose tissue was important in 

maintaining healthy body weight and glucose levels [68]. When CD301b+ mononuclear 
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phagocytes were depleted, there was a significant downregulation of metabolic genes in the liver, 

associated with hyperglycemia. This effect was reversed when the mice were exogenously treated 

with recombinant RELMŬ. In contrast, another study reported that RELMŬ-/- mice were protected 

from hyperglycemia [69]. It is possible that these discrepancies reflect differences in cell-specific 

deletion of CD301b+ cells compared to whole body RELMŬ-/- mice. 

It is now well recognized that the immune environment, particularly the Th1/Th2 cytokine 

balance, is an important contributor to metabolic homeostasis or disease [70]. Given that RELMa 

is expressed by M2 macrophages, and regulates Th2 cytokines, it is possible that RELMaôs effect 

in metabolism is partly mediated through its immunoregulatory function. For example, brown 

adipose tissue in lean mice is more heavily populated with cells such as M2 Macs and Tregs as 

well as IL-4, IL-13 and IL-10 cytokines resulting in an overall Th2 immune state that maintains a 

noninflammatory milieu [71]. In contrast, chronically inflamed white adipose tissue associated 

with obesity and insulin resistance is populated with effector M1 macrophages that primarily 

contribute to a proinflammatory IL-1b, TNF-a and IL-6-rich environment [71]. In contrast to 

RELMa, however, resistin is associated with proinflammatory macrophage activation in obesity, 

but recent studies suggest that resistin can be anti-inflammatory in certain disease contexts [72, 

73]. More specific studies investigating the immune effects of the specific RELM proteins in 

obesity and diabetes are necessary, however, the current data may support a therapeutic benefit in 

employing RELM proteins to modulate the Th1/Th2 balance to treat metabolic dysfunction.  
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Figure 4. The diverse roles of RELMs in infection, inflammation and metabolism. 
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Endocannabinoids 

Endocannabinoids are endogenous cannabis-like lipids that signal through cannabinoid 

receptors in animals. The endocannabinoid system is ubiquitous in humans and mice and play a 

variety of roles with consequences to the host physiology. The discovery of  D9-

tetrahydrocannabinol (THC), the primary psychoactive component of cannabis, in the 1960ôs led 

to the discovery of synthetic cannabinoids, endogenous cannabinoid receptors, then finally to the 

endogenous cannabinoids by the 1990s and 2000s [74]. Studies on each of these components of 

the endocannabinoid system together with the development of cannabinoid receptor agonistic and 

antagonistic compounds exhibited the extensive physiological functions of the endocannabinoid 

system in the central and peripheral nervous systems and in peripheral organs. To date, the 

endocannabinoid system has been implicated to have therapeutic potential in disease conditions 

such as inflammation, obesity, metabolic disorders, anxiety, atherosclerosis, cancer and many 

more.  

 

Endocannabinoid biosynthesis and degradation 

The most widely studied endocannabinoids are N-arachidonoylethanolamine 

(Anandamide/AEA) and 2-arachidonoylglycerol (2-AG) [75]. Biosynthesis of AEA first involves 

the N-acyltransferase enzymatic conversion of either phosphatidylethanolamide or sn-1-

arachidonate-containing phospholipid to N-arachidonoyl-phosphatidylethanolamine. This N-

arachidonoyl-phosphatidylethanolamine will then be transformed into AEA by four possible 

pathways. 1/ Through direct conversion by N-acyl-phosphatidylethanolamine-selective 

phosphodiesterase, 2/ by first conversion to glycerophosphoAEA by ab-hydrolase enzyme, 3/ 

first conversion to phosphoAEA by phospholipase and finally, 4/ by conversion to 1-lyso-N-

arachidonoyl-phosphatidyl-ethanolamide by soluble phospholipase A2 enzyme [76, 77].  
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During 2-AG biosynthesis, first membrane phospholipids and phosphatic acids are 

converted to 2-arachidonate-containing diacylglycerol by either, phosphatic acid hydrolase or 

phospholipase Cb enzymes. The diacylclycerols are then converted to 2-AG by one of the two 

known isotypes of diacylglycerol lipase [77, 78]. 

AEA is metabolized and degraded via fatty acid amide hydrolase (FAAH) and 2-AG by 

monoacylclycerol lipase (MGL). Although AEA and 2-AG are primarily degraded via either 

FAAH or MGL respectively, other enzymes have also been shown to metabolize the two 

endocannabinoids. Palmitoylethanolamide-preferring-acid amidase (PAA), cyclooxygenase-2, 

lipoxygenases and cytochrome P450 can degrade AEA. Similarly, 2-AG can be degraded by 

FAAH and other lipases such as ab-hydrolase 6 and 12 (Figure 5) [77, 78]. 

 

Endocannabinoid receptor signaling 

There are two known cannabinoid receptors, CB1 and CB2. Both CB1 and CB2 belong to 

class A (rhodopsin/Rho family) of G protein-coupled receptors (GPCRs) [77, 79]. CB1 receptors 

are the most abundant receptors in mammalian brains and are also found on peripheral tissues and 

cells. CB2 receptors in contrast are found mainly on cells belonging to the immune system and 

found less abundantly in the brain and peripheral tissues. Both AEA and 2-AG have the potential 

to signal via CB1 and CB2, however, AEA has been proven to have higher affinity for CB1 

whereas 2-AG has equal affinity for CB1 and CB2 (Figure 5) [77].  

CB receptor signaling has many clinically significant outcomes including analgesic, 

antiemetic and anxyolitic effects. How signaling through two possible receptors could have 

multifarious physiological functions is debatable. However, it has been shown that CB1 signaling 

can both stimulate and inhibit forskolin-stimulated adenylyl cyclase, by pertussis toxin-

insensitive Gs proteins and by activation of a pertussis toxin-sensitive Gi/o protein, respectively. 
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The effects on adenylyl cyclase by endocannabinoid-receptor interactions leads to changes in 

calcium levels, cAMP and activation of mitogen-activated protein kinase (MAPK) leading to 

modulated activity of intracellular transduction pathways [80]. MAPK signaling by CBs affect 

synaptic plasticity, cell migration, and possibly neuronal growth [81]. Studies conducted on CHO 

cells testing various cannabinoid ligands of CB1 receptor discovered that specific ligands can 

activate various adenylyl cyclase leading to activation of either Gs or Gi coupled pathways [82]. 

Dissimilar to CB1, CB2 receptor signaling has not been found to couple to Gs pathways, rather 

only to modulate adenylyl cyclase by coupling to Gi/o proteins. These studies suggest that various 

cannabinoid receptors and agonists can confer distinct signaling pathways ultimately leading to 

distinct phenotypes.  
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Figure 5. Endocannabinoid biosynthesis, degradation and signaling pathways. 
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Endocannabinoid function in the brain 

The CB1 receptor was first discovered in the brain, therefore, how endocannabinoids function in 

the brain and central nervous system has been the topic of many studies. Endocannabinoids have 

been implicated in neurological conditions such as Parkinsonôs disease, Alzheimerôs disease and 

multiple sclerosis. Further, endocannabinoids have also been implicated in neuropsychological 

disorders such as anxiety, depression, and eating disorders. In neurodegenerative disorders such 

as Parkinsonôs disease, increased CB1 and CB2 signaling in regions of the brain that control 

motor activity such as the basal ganglia counter acts the characteristic loss of dopaminergic 

neurons and dopamine signaling leading to impaired locomotion [83]. In anxiety and depression 

studies, CB1-/- mice showed to have increased anxiety-like readouts in behavioral studies [84]. 

Rats fed chow or high fat diet were given varying doses of THC and found that THC shifted 

thermogenesis and lipid metabolism parameters towards reduced energy expenditure and lipolysis 

[85]. When this was tested in conjunction with high-fat diet, THC promoted increased food intake 

and reduced energy expenditure. These studies implicated the importance of endocannabinoid 

signaling in eating disorders such as anorexia nervosa [86]. 

 

Endocannabinoid function in the gut  

In keeping with how endocannabinoids influence eating disorders, it is increasingly clear 

that the endocannabinoid system is active in brain-gut signaling via the vagus nerve [87]. In 

support of this, studies conducted on food deprived rats showed an increase in endocannabinoid 

production in the small intestine [88]. Further, inhibiting eCB signaling with CB1R antagonistic 

drug AM6545 reduced hyperphagia in diet-induced obese mice [89].  

In the gut, the role of eCB has been discovered to be multifold. One study on obesity 

tested high-fat diet on rats and found the resulting change in microbiota was associated with 
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changes in intestinal endocannabinoid signaling. With the use of CB1 agonistic and antagonistic 

drugs, eCB signaling was found to increase lipopolysaccharides (LPS) which increased gut 

permeability and adipogenesis [75]. Additionally, eCB have been implicated in gut motility and 

contraction through inhibition of release of acetylcholine, an excitatory neurotransmitter. In this 

study (+) WIN-55,212-2 CB agonist was found to impair gut motility by inhibiting the excitatory 

neurotransmitter acetylcholine. Upon administering a CB1R antagonist, the effect was reversed 

[90]. These studies display the dynamic functions of eCB in the gastrointestinal tract. 

 

Endocannabinoid function in the immune system 

CB receptors are expressed on many immune cell types with CB2R being the most 

abundant in the immune system. Depending on the cell type through which it signals, eCBs can 

play various opposing roles by both stimulating and inhibiting immune responses. The 

immunosuppressive effect of eCB happens through inhibition of the cAMP/protein kinase A 

(PKA) pathway. Also, eCB can cause apoptosis of cells by phosphorylating IəB-Ŭ which then 

upregulates transcription of apoptotic genes [91]. 

In innate cells, AEA described to be anti-inflammatory by inhibiting alveolar macrophage  

effector functions and cytokine expression. The first study found that AEA inhibited macrophage 

killing of TNF-sensitive fibroblast cells [92]. This finding has since been confirmed by others 

who showed that AEA inhibited macrophage LPS-induced nitric oxide production and expression 

of Th1 cytokines IL-6, IL-12, IL-23 [93-95]. Similar results were discovered in DCs where AEA 

inhibited DC expression of IL-6, IL-12p40 and TNFa [96]. Further studies on CB1R-/- and CB2R-

/- mice found upregulation of DC MHC II, CD80 and CD86, receptors important for DC-T cell 

communication [97]. CBs mainly impair neutrophil function by decreasing neutrophil migration 

and inhibiting neutrophil degranulation, although these results were CB specific [98]. 
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The effect of 2-AG on innate immune cells is less clear. Similar to AEA, some studies 

have reported 2-AG to have immunosuppressive effects on macrophages by inhibiting Th1 

cytokines IL-6 and TNFa production and by shifting macrophage activation from classically 

activated to alternatively activated [99]. Contradicting this, studies have shown 2-AG to stimulate 

nitric oxide and inflammatory cytokine production and enhance cell migration and adhesion of 

monocytes and neutrophils [99]. One proposed explanation for discrepancies in 2-AG functions 

has been that 2-AG conversion to cyclooxygenase-2 metabolites could have varied bioactive 

properties [100]. 

AEA was also reported as immunosuppressive to adaptive cells such as T and B 

lymphocytes [99]. It is believed that AEA functions this way by signaling via CB2 receptor, 

PPAR-g and by inhibiting NFkB [101]. Similar to innate cells, AEA inhibits lymphoid cell 

proliferation, Th1 cytokine production and enhances Th2 responses by increasing expression of 

IL-4 and IL-10 [102, 103]. Similarly, 2-AG (more precisely a 2-AG metabolite) was 

immunosuppressive towards T cells by impairing pro-inflammatory IL-2 cytokine expression.  

Although eCBs at times play controversial roles in immune responses, in general, eCBs 

are immunosuppressive, with AEA being the most potent. Interestingly, the Th1 response 

inhibition by eCB is coupled with enhancement of Th2 response in many immune cells types. 

Moreover, Th1 cytokine production was associated with reduced FAAH (AEA degrading 

enzyme) activity suggesting that a self-sustaining anti-inflammatory mechanism of eCBs [104]. 

Therefore, eCBs can be exploited for their anti-inflammatory therapeutic potential.  
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Conclusion 

Helminth infections are a global health burden and the lack of immunity makes re-

infections common. For this reason, it is critical that we understand host factors that are involved 

in the immune response against helminths. In this thesis, we propose two systems that might be 

of importance to further explore, RELM and endocannabinoid signaling. RELMa is a secreted 

protein, well studied to be immunomodulatory during Th2 immune settings. Even though this 

protein has been studies for its immunosuppressive properties, the cell-type specific role of 

RELMa has yet to be explored. Endocannabinoids are lipid signaling molecules that have 

functions in dampening Th1 immune responses and driving Th2 immunity. Endocannabinoids 

have been the subject of many studies for their role in the brain, gut and immune system. 

However, to date no one has investigated the importance of endocannabinoid signaling in 

immune responses against parasitic worms. The work presented in this thesis will independently 

investigate RELMa and endocannabinoid signaling in the Nb model of hookworm infection to 

delineate the contribution of each of these systems to host immunity during helminth infection. 
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Abstract 

Resistin-like molecule a (RELMa) is a highly-secreted protein in type 2 (Th2) cytokine-

induced inflammation including helminth infection and allergy. In infection with Nippostrongylus 

brasiliensis (Nb), RELMa dampens Th2 inflammatory responses. RELMa is expressed by immune 

cells, and by epithelial cells (EC), however, the functional impact of immune versus EC-derived 

RELMa is unknown. We generated bone marrow (BM) chimeras that were RELMa deficient 

(RELMa-/-) in BM or non BM cells and infected them with Nb. Non BM RELMa-/- chimeras had 

comparable inflammatory responses and parasite burdens to RELMa+/+ mice. In contrast, both 

RELMa-/- and BM RELMa-/- mice exhibited increased Nb-induced lung and intestinal 

inflammation, correlated with elevated Th2 cytokines and Nb killing. CD11c+ lung macrophages 

were the dominant BM-derived source of RELMa and can mediate Nb killing. Therefore, we 

employed a macrophage-worm co-culture system to investigate whether RELMa regulates 

macrophage-mediated Nb killing. Compared to RELMa+/+ macrophages, RELMa-/- macrophages 

exhibited increased binding to Nb and functionally impaired Nb development. Supplementation 

with recombinant RELMa partially reversed this phenotype. Gene expression analysis revealed 

that RELMa decreased cell adhesion and Fc receptor signaling pathways, which are associated 

with macrophage-mediated helminth killing. Collectively, these studies demonstrate that BM-

derived RELMa is necessary and sufficient to dampen Nb immune responses, and identify that one 

mechanism of action of RELMa is through inhibiting macrophage recruitment and interaction with 

Nb. Our findings suggest that RELMa acts as an immune brake that provides mutually beneficial 

effects for the host and parasite by limiting tissue damage and delaying parasite expulsion. 
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Introduction 

Infections with parasitic worms induce a T helper type 2 (Th2) immune response that is 

important for controlling parasite burdens during primary infection and for immunity to subsequent 

secondary infections [1-4]. Additionally, Th2 immune responses have evolved to rapidly repair 

tissue damage caused by parasitic worms, and to restore tissue integrity and homeostasis following 

parasite killing [5-7]. However, excessive Th2 immune responses are detrimental to the host where 

they can contribute to allergic inflammatory responses and tissue fibrosis [8-10]. Therefore, Th2 

immune responses must be carefully balanced for optimal anti-parasitic immunity and tissue repair 

while limiting excessive inflammation and fibrosis. Investigation of host factors that regulate such 

immune responses could have broad implications for the treatment of these pathologies. Here we 

investigated the contribution of Resistin-like molecule a (RELMa/Ra) to this host regulatory 

pathway in helminth infection.  

RELMa is a host-derived protein that is highly expressed in several disease conditions 

including helminth infection, colitis, diabetes, allergy and asthma [11-16]. In mouse models of 

asthma, RELMa expression is elevated in the lung following allergen challenge, where it was 

postulated to promote to airway hyperresponsiveness [11, 17, 18]. Other studies using genetic 

deletion of RELMa or RELMa overexpression have suggested instead a beneficial function for 

RELMa in limiting Th2 cytokine-induced inflammation in mouse models of asthma and mouse 

helminth infection [19-21]. Although protective in dampening lung inflammatory responses, 

RELMa paradoxically impaired optimal parasite expulsion in infection with the hookworm 

Nippostrongylus brasiliensis (Nb) [19, 21].  

The mechanism of RELMa-induced immunoregulation has been investigated in in vitro 

activated bone marrow-(BM) derived macrophages and dendritic cells [13, 22-24]. These studies 
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showed that RELMa expressed by alternatively activated macrophages (AAMac) dampened CD4+ 

Th2 cell responses while RELMa derived from dendritic cells promoted CD4+ IL-10 production. 

However, whether in vivo derived RELMa from these immune cells functionally impacts helminth 

infection-induced inflammatory response or helminth expulsion is unclear. Indeed, RELMa is also 

expressed by non-immune cells such as airway epithelial cells (EC), although the function of non-

immune cell-derived RELMa is less well understood. In contrast to immune cells which can traffic 

to various sites in the body, EC cells are stationary and provide a barrier against pathogens. 

Nevertheless, EC contribute to host protective immunity by secreting chemokines and other 

proteins, such as trefoil factors, that mediate lung tissue repair following hookworm infection [25].  

In this study, we investigated the functional contribution of RELMa derived from immune 

and non-immune cells and explored the mechanism of RELMa inhibition of helminth expulsion. 

Employing RELMa deficient BM chimeras, we show that immune cell-derived RELMa, and not 

EC-derived RELMa, downregulates the Th2 inflammatory response against hookworms and 

impairs clearance of worms by the host. Further, we identify CD11c+F4/80+ macrophages as the 

primary source of immune cell-derived RELMa in the lungs. We utilize CD11c+ macrophage-

worm co-culture assays to demonstrate that RELMa impairs macrophage-worm interaction and 

killing. Last, to identify potential downstream mechanisms of RELMa signaling on macrophages, 

we utilized Nanostring technology to measure RELMa-induced changes in expression of over 700 

myeloid specific genes in purified lung macrophages. Functional enrichment pathway analysis 

revealed that RELMa treatment downregulated genes associated with macrophage-mediated 

helminth killing, such as cell adhesion and Fc receptor signaling, but upregulated genes associated 

with cell cycle and apoptosis and Th1 activation. Collectively, our data implicate immune cell-

derived RELMa as an important regulatory factor in hookworm infection through two mechanisms: 
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1/ inhibiting Th2 inflammatory responses and 2/ directly acting on macrophages to impair adhesion 

to the worm. 
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Materials and Methods 

Mice  

C57BL/6 and CD45.1 mice purchased from the Jackson Laboratory were bred in-house. RELMa-

/- (Retnla-/-) mice were generated and genotyped as previously described [19]. Mice were age 

matched (6 to 14 weeks old), gender matched, and housed five per cage under an ambient 

temperature with a 12 hr light/12 hr dark cycle. All protocols for animal use and euthanasia were 

approved by the University of California Riverside Institutional Animal Care and Use Committee 

(protocols A-20150028B and A-20150027E) and were in accordance with National Institutes of 

Health guidelines, the Animal Welfare Act, and Public Health Service Policy on Humane Care and 

Use of Laboratory Animals. 

 

Bone marrow (BM) transfer 

C57BL/6 (CD45.2), CD45.1 and RELMa-/- CD45.2 mice were used in BM chimera generation. 

Age and sex-matched animals were used as recipients of BM isolated from wild-type (WT) or 

RELMa-/- mice. Recipients were sub lethally irradiated twice with 600 rad and reconstituted with 

3×106 total BM cells administered via retroorbital injection. Donor chimerism was evaluated 8 

weeks later via flow cytometry using blood stained with allotype-specific antibodies that 

recognized CD45.1 or CD45.2 (eBioscience). Mice that showed <75% donor chimerism were 

excluded from further experimental analysis.  

 

Infection 

Nippostrongylus brasiliensis (Nb) hookworms were obtained from the laboratory of Graham Le 

Gros (Malaghan Institute, New Zealand). Nb life cycle was maintained in Sprague-Dawley rats 

purchased from Harlan Laboratories. Mice were injected subcutaneously with 500 Nb infectious 
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third-stage larvae (L3) and sacrificed at days 3, 7 or 9 post-infection. The number of parasite eggs 

in the feces of infected mice were counted using a McMaster counting chamber and saturated salt 

solution on days 6ï9 following infection. To quantify the number of adult worms within the small 

intestine, the small intestines of infected mice were cut longitudinally and incubated in phosphate 

buffered saline (PBS) at 37°C for 2 hr to allow worms to migrate out of the tissue. The number of 

worms in the intestines were then manually quantified. To generate Nb immune mice, mice were 

allowed to clear Nb infection and re-infected with 500 L3 at 21 days post primary infection. 

Immune mice were sacrificed at day 4 post-secondary infection. 

 

Sample collection, processing, flow cytometry and cell sorting 

Bronchoalveolar lavage (BAL) fluid and cells were recovered through washing twice with 800 ul 

of ice-cold 1X PBS. Cells were recovered by centrifugation and leukocytes were enumerated by 

manual counting using a hemocytometer. For flow cytometry, BAL cells were blocked with 0.6 g 

rat IgG and 0.6 g anti-CD16/32 (2.4G2) and stained for 25 min with antibodies for SiglecF (E50-

2440), Ly6G (1A8), MHCII (M5/114.15.2) (all from BD Biosciences); F4/80 (BM8), Ly6C 

(HK1.4), CD11b (M1/70), CD11c (N418), CD45.1 (A20) and CD45.2 (104) (all from eBioscience, 

Affymetrix). Cells were then washed and analyzed on an LSRII instrument (BD Bioscience), 

followed by data analysis using FlowJo v10 (Tree Star Inc.). Florescent activated cell sorting 

(FACS) was conducted on Moflo Astrios instrument (BD Bioscience). Cell populations were 

identified as follows; alveolar macrophages (CD11c+F4/80+), dendritic cells (CD11chiMHCIIhi), 

eosinophils (CD11c-SiglecF+), monocytes (CD11b+Ly6C+) and neutrophils (CD11b+Ly6G+). 
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Real Time Polymerase Chain Reaction (RT-PCR) 

RNA from lung tissue was extracted with TRIzol (Sigma), and RNA from cells was extracted by 

using the Aurum total RNA minikit (Bio-rad). iScript reverse transcriptase was used for cDNA 

synthesis (Bio-Rad). RT-PCR was performed with the Bio-Rad CFX Connect system using Bio-

Rad CFX Manager 3.1 software. Retnla and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

primers were purchased from Qiagen.  

 

Cytokine Quantification  

For sandwich enzyme-linked immunosorbent assay (ELISA), Greiner 96-well medium bind plates 

were coated with primary antibody to cytokines (RELMa, Peprotech; IL-13 and IL-4, eBioscience) 

overnight at room temperature. Plates were blocked with 5% newborn calf serum in 1X PBS for 1 

hr at 37¯C. Sera or tissue homogenates were added at various dilutions and incubated at room 

temperature for 2 hr. Cytokines were detected by applying biotinylated antibodies (RELMa, 

Peprotech; IL-13 and IL-4, eBioscience) for 1 hr at 37¯C followed by incubation with streptavidin-

peroxidase (Jackson Immunobiology) for 1 hr at room temperature. Substrate TMB (BD 

Bioscience) was added followed by addition of 2N H2SO4 as a substrate stop, and the optical density 

was captured at 450 nm. Samples were compared to a serial-fold dilution of recombinant cytokine. 

 

Histology 

Lungs were inflated with 1 ml 1 part 4% paraformaldehyde (PFA)/30% sucrose and 2 parts OCT 

embedding medium (Fisher Scientific) and stored overnight in 4% PFA/30% sucrose at 4°C. 1 cm 

of the proximal jejunum were fixed in 4% PFA overnight at 4°C.  Lungs and intestines were 

blocked in OCT and sectioned at 12 µm. For immunofluorescence staining, sections were incubated 

with rabbit anti-mRELMa (1∶400, Peprotech), biotinylated griffonia simplicifolia lectin (1∶400, 




