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ABSTRACT OF THE DISSERTATION  
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Sang Yong Kim 

 

Doctor of Philosophy, Graduate Program in Microbiology 

University of California, Riverside, December 2022 

Dr. Meera G. Nair, Chairperson 

 

 

Preclinical models of infection, such as murine infection models and transgenic 

mice, provide critical knowledge for the treatment and diagnosis of infections of 

significant public health concern. In particular, the mucosal barrier, such as the lung and 

intestine are susceptible to multiple infectious pathogens given their exposure to the 

external environment. The goal of this dissertation was to investigate the function of 

RELMα and CX3CR1 in mucosal infections with parasitic helminths and influenza virus, 

as these are pathogens of significant health concern worldwide.  

RELMα is a mouse protein, which has orthologs in humans such as resistin and 

RELMβ. First, we tested the function of RELMα and investigated factors that may 

regulate its expression in infection. RELMα accelerated resolution of inflammation and 

tissue repair in infection with mouse intestinal helminth Heligmosomoides polygyrus. We 

also discovered that choline kinase signaling was critical for optimal RELMα expression: 

when mice were infected with H. polygyrus and injected with choline kinase alpha 

inhibitor, RSM-932A, alternative activation of macrophages and RELMα expression was 

downregulated in RSM-932A-injected mice. 
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Previous studies have reported RELMα expression in type 2 cytokine 

inflammation, however, the functional relevance of RELMα in other infectious contexts, 

such as viral infections, is unclear. RELMα was induced by IAV infection in the BALF 

and airway epithelial cells. RELMα induced influenza infections in mouse lung epithelial 

cells in vitro and in vivo, suggesting that RELMα expressed in lung epithelial cells 

promotes influenza infection of neighboring cells. 

In the last chapter of this thesis, we broadened our research scope to investigate 

the function of myeloid-derived cells in helminth infection by targeting CX3CR1, a 

critical chemokine receptor for monocyte recruitment from the blood vessel to the site of 

infection. CX3CR1 deficiency induced a more inflammatory response but lower parasite 

burden in the lung. CX3CR1-deficient monocytes were more cytotoxic and active than 

WT monocytes, demonstrating the regulatory function of CX3CR1 in monocytes.  

 Collectively, these studies demonstrate diverse functions of RELMα and 

CX3CR1 in different infectious diseases and identify putative downstream targets by 

which RELMα and CX3CR1 modulate the immune response and tissue repair.   
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Soil-transmitted helminth (STH) infections 

 STH infection is a public health concern because more than 1.5 billion people or 

24% of the entire human population are infected with STH [1]. Infections are 

predominant in tropical and subtropical areas where sanitation is poor. The roundworm 

(Ascaris lumbricoides), whipworm (Trichuris trichiura), and hookworm (Necator 

americanus and Ancylostoma duodenale) are the main species that infect people. In 

humans, the roundworm and whipworm are transmitted by ingestion of eggs, and the 

hookworm infection is mediated by larvae penetrating the skin [2-4].  After ingestion, the 

roundworm and whipworm larvae hatch in the small and large intestine, respectively, and 

develop into adults to produce eggs and pass them with feces. After the penetration of the 

skin, the hookworm larvae are carried through the blood vessels to the heart and then to 

the lung. They penetrate the pulmonary alveoli, migrate to the pharynx along the 

bronchial tree, and are swallowed. Once, they reach to the small intestine, they have a 

similar life cycle to the roundworm and whipworm. In addition, the threadworm 

Strongyloides stercoralis causes severe morbidity but is the most neglected tropical 

disease [5]. Unlike other worms, Strongyloides larvae hatch and mature in the intestine. 

Most larvae are passed with feces, but some of the larvae mature and reinfect the host [6].  

 The distribution of STH infection is concentrated in the endemic region as having 

heavily infected people harboring most worms [7-9], and these people suffer from 

various symptoms. Most worm infections cause a type-1 hypersensitivity [9], which 

involves IgE-mediated release of antibodies against the soluble antigen [10].  Especially 

in children, adult Ascaris can lead to small bowel obstruction, volvulus, or 
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intussusception, and it can also cause appendicitis, cholecystitis, pancreatitis, and gastric 

ascariasis in severe cases [9].  Malnutrition and anemia might be resulted from A 

lumbricodies [11, 12], worsening nutritional status of people in developing countries. T 

trichuria causes petechial lesion, blotchy mucosal hemorrhage, oozing, and colonic 

mucosal inflammation [9, 13-16].  Adult A duodenale and N americanus burrow their 

teeth into the mucosa in the small intestine causing blood loss [9], and hookworm 

infection is a major cause of anemia in children and pregnant women in the world [17, 

18]. Commonly, type 2 immunity mediated by Th2 cytokines is required for protection 

against helminth infections and the maintenance of tissue homeostasis [19]. Moreover, 

alternatively activated macrophages (AAMs/M2) and proteins secreted from them play a 

crucial role in the immune response to helminth and tissue repair. In chapter 2 and 3, we 

will demonstrate the function of AAM-derived protein, RELMα, in tissue repair and how 

it is regulated by choline metabolism in soil-transmitted helminth infections.   

 

Influenza A Virus (IAV) infections 

According to the CDC, flu resulted in 82,000 to 170,000 hospitalizations and 

5,000 to 14,000 deaths from 2021 to 2022 in the United States. Among the flu-causing 

influenza viruses, IAV has a wide range of hosts, which are causing enormous damage to 

the livestock and medical industries [20]. Influenza virus infection usually causes a mild 

respiratory disease in the upper respiratory tract with fever, sore throat, runny nose, 

cough, headache, muscle pain, and fatigue, but pneumonia or secondary viral bacterial 

infection of the lower respiratory tract in immune-compromised people. Alveolar 
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epithelial injury and following gas exchange failure are caused by the lower respiratory 

tract infection [21, 22], leading to acute respiratory syndrome (ARDS) and even death 

[23-25]. IAV belongs to the Orthomyxoviridae family, and its genome is composed of 8 

RNA segments, which encode RNA polymerase subunits and other viral proteins [26].  

IAV subtype can be decided based on viral glycoprotein, haemagglutinin (HA), and 

neuraminidase (NA). Variations and reassortment of these proteins between different 

subtypes result in more virulent subtypes and a new outbreak of flu [26-28]. Due to these 

frequent variations, vaccines for new subtypes must be developed every year, and the 

cost and manpower waste are enormous. For these reasons, it is deserving to investigate a 

host factor regulating the immune response to IAV and targeting strategy for this factor. 

IAV binds to a host cell through the interaction of HA and sialic acid linked to 

galactose on plasma membrane glycoproteins or glycolipids [29, 30]. Epithelial cells in 

the respiratory system are the main place where IAV replication takes place [26] and 

modulate the immune response against IAV [31]. Viral entry induces apoptosis and 

necroptosis of infected epithelial cells, which causes damage to the epithelium [32-34]. 

Influenza-infected alveolar epithelial cells recognize IAV by a variety of pattern 

recognition receptors and secret chemokines to turn on a strong inflammatory response to 

the infection [31, 32, 35-38]. C-C motif ligand (CCL) 2, CCL5, and CCL7 released by 

infected epithelial cells recruit monocytes to the lung, which develop into macrophages 

[39]. In addition to chemokines, airway epithelial cells also express interferons, 

lactoferrin, β-defensins, and nitric oxide, which play an important role in antiviral 

responses [32]. Recruited monocytes and macrophages heavily produce cytokines and 
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further increase the cell death of airway epithelial cells, exacerbating the inflammatory 

response in the lung [31, 40]. Unlike helminth infection, IAV infections induce a Th1 

immune response. Dendritic cells from the lung migrate to the draining lymph node and 

activate CD4 T cells during the IAV infection [41, 42]. Proinflammatory cytokines such 

as IFN-γ, TNF, and IL-2 are expressed by Th1 cells [43], which activate classically 

activated macrophages (M1/CAMs) [44]. Th1 cells also induce CD8 T cell differentiation 

by secreting IL-2 and IFN-γ to clear the viral infection [45, 46]. These inflammatory 

responses are required for the clearance of viruses but dysregulated hyperinflammation 

results in irreversible tissue damage. RELMα was recently identified as a marker for 

monocyte-derived macrophage tissue engraftment and was also reported to be expressed 

by intestinal epithelium in bacterial infection [47, 48]. However, it has not been studied 

in which cells RELMα is expressed and what function it has in IAV infection. In the 

chapter 4, the induction of RELMα and novel function of RELMα in IAV infection will 

be addressed. 

 

The effect of helminth infection on microparasite infection 

In the endemic area where people harbor significant helminth burden, co-infection 

with microparasites can exacerbate disease. Microparasites are intracellular parasites such 

as viruses, some bacteria, and protozoa. While helminth infection induces Th2 immune 

response, the activation of Th2 immune response inhibits Th1 immune response activated 

by microparasites at the same time [49]. IL-10 and regulatory T (Treg) cells induced by 

helminth-secreted immunomodulatory protein inhibit the secretion of pro-inflammatory 
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chemokines [50]. This negative regulation downregulates both Th1 and Th2 immune 

responses, exacerbating the outcome of both helminth and microparasite infection [51]. 

In particular, helminth-microparasite coinfection is emerging as a problem especially in 

light of the COVID-19 pandemic.  

In an in vivo coinfection model, peritoneal M2 macrophages activated by H. 

polygyrus infection were able to change to antimicrobial nitric oxide-producing M1 

macrophages capable of killing an attenuated Salmonella strain when challenged 

intraperitoneally [52]. In contrast, Salmonella-induced M1 macrophages could not be 

repolarized by IL-4 treatment, indicating that M1 macrophage activation has a more 

restrictive effect on plasticity than M2 macrophage activation [52]. These studies show 

that M2 macrophages have some ability to alter their phenotype in response to different 

stimuli. It can be inferred from these studies that wound healing M2 macrophage subsets 

may be equally plastic; however, further mechanistic investigation in wound healing 

models is needed.  

When mice were co-infected with H. polygyrus and West Nile Virus (WNV), the 

mortality of mice was significantly increased [53]. The coinfected mice changed in 

morphology and delayed transit in the gut, commensal bacterial translocation, and 

impaired T cell response against WNV, leading to increased viral burden because of 

skewed type 2 immune response by H. polygyrus infection. Tuft cells play an important 

role in initiating type 2 immunity in the small intestine and secret IL-25 by employing a 

chemosensing pathway to recognize helminths [54-56]. Tuft cell-derived IL-25 
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aggravated WNV infection, indicating that IL-25 is a key regulator of viral coinfection 

with helminths [53]. 

The direct correlation between helminth and influenza infections has never been 

revealed, but there is a report that parasitic infections negatively affect the efficacy of 

influenza vaccines [57]. Mice infected with Litomosoides sigmodontis exhibited 

decreased quantity and quality of antibody responses to vaccination against seasonal 

influenza. Specifically, vaccination could not protect against challenge infections with the 

H1N1 influenza A virus, which was mediated by IL-10 produced by Treg cells [57]. IL-10 

production by Treg is the main feature of Th2 immune response, and the Nair lab found 

that RELMα expressed by large peritoneal macrophages regulates Treg cell proliferation in 

IL-4-induced peritoneal inflammation [58].  Therefore, RELMα upregulated by helminth 

infection may be a key factor in determining the outcome of other pathogen infections. 

 

Macrophages and RELMα in wound healing 

Numerous soluble and cellular signals instruct macrophage activation for the final 

stages of wound healing: tissue remodeling and resolution of inflammation. These 

include: Th2 cytokines that mediate a tissue remodeling “M2” program, and apoptotic 

cells that induce an anti-inflammatory macrophage phenotype.  

 

Th2 cytokines 

M2 macrophages are important players in tissue repair [59]. M2 macrophages are 

activated by Th2 cytokines, such as IL-4 and IL-13, that are highly produced in allergic 



 8 

inflammation and helminth infection. For this reason, significant functional information 

on M2 macrophages has been acquired from helminth infection and allergy studies [60]. 

These studies have provided insight into the M2-mediated effector pathways for wound 

healing. Indeed, helminths are macroscopic organisms that cause tissue injury, and the 

tissue remodeling that occurs in allergic responses shares similarities with the tissue 

repair stage in wound healing. In these models of tissue injury and inflammation, the Th2 

cytokine response is mediated in a two-step process, as summarized in Figure 1. First, an 

insult to the barrier causes epithelial cells to release alarmins, including thymic stromal 

lymphopoietin, IL-25 and IL-33 [60]. These in turn activate Th2 cytokine-producing 

innate cells, such as group 2 innate lymphoid cells, mast cells, basophils, and eosinophils. 

The critical importance of M2 macrophages in mediating wound healing is demonstrated 

in numerous in vitro and in vivo studies. For instance, IL-4/IL-13-activated human THP-

1 cells induced proliferation, collagen synthesis and a-smooth muscle actin (a-SMA) 

expression by human dermal fibroblasts, in a co-culture assay [61]. These M2-

differentiated THP-1 cells also increased dermal fibroblast expression of a-SMA, a 

feature of myofibroblasts, indicating that fibroblasts were differentiated into 

myofibroblasts [61]. Furthermore, abrogation of IL-4Ra signaling in macrophages 

impaired wound repair in in vivo models of wound healing by skin punch biopsy, 

chemical-induced injury, or invasive helminth infection-induced injury [62-64]. 

Mechanistically, M2 macrophages initiate wound repair through numerous pathways 

including growth factors and matrix metalloproteinases, summarized in Figure 2 and in 

recent reviews [59]. In addition, M2 macrophage-derived arginase 1 (Arg1) is a 
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downstream effector of wound healing in the skin and following helminth infection [60, 

65]. The mechanism by which macrophage-derived arginase promotes skin wound 

healing is likely twofold: dampening inflammation and promoting matrix deposition 

through its metabolism of L-arginine. 

IL-4Ra signaling also stimulates tissue-resident macrophage proliferation, which 

can have the beneficial outcome of expanding and activating the effector macrophage 

population for wound healing [63, 66]. Here, additional signals from the tissue 

environment promoted the IL-4-induced wound-healing capacity of M2 macrophages. 

Specifically, the surfactant protein A (SP-A) produced in the lung acted through the 

receptor myosin 18A (Myo18A) to enhance M2 macrophage activation and lung wound 

healing following N. brasiliensis infection-induced injury. Interestingly, in the peritoneal 

cavity, resident macrophages did not respond to SP-A, but instead were activated by the 

complement protein C1q, which is structurally homologous to SP-A. The stimulatory 

effect of C1q on M2 macrophages, likely through Myo18a, was observed in several 

tissues including the peritoneal cavity, liver, spleen, and adipose tissue. Functionally, C1q 

promoted M2 macrophage-mediated liver repair following infection with Listeria 

monocytogenes. Whether C1q affects resident tissue macrophage populations, or instead 

activates monocytes or macrophages recruited to the injury site from the blood or 

peritoneal cavity is unclear. Another study utilizing carbon tetrachloride (CCL4) 

treatment as a model of liver injury demonstrated that peritoneal macrophages could 

cross the mesothelium and penetrate into the injured liver tissue. These macrophages, 
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originating from the peritoneal cavity, expressed M2 markers Arginase and RELMα, and 

exhibited a reparative function when recruited to the liver [67]. While tissue-resident 

macrophages are likely more rapid responders to injury, monocytes recruited from the 

blood can also differentiate into M2 macrophages and contribute to tissue repair 

following Schistosoma mansoni infection-induced liver injury [68]. This process was 

impaired in vitamin A-deficient mice suggesting that dietary components are important 

for optimal M2 macrophage activation.  

M2 macrophage-mediated killing of large extracellular helminths exhibits 

common features of tissue repair. In Heligmosomoides polygyrus (H. polygyrus) 

infection, M2 macrophages are recruited to the helminth, and produce factors to trap and 

kill the pathogen [69]. The contributing factors that immobilize the worm include wound 

healing factors such as Arginase 1. Understanding the activation pathway and effector 

molecules of M2 macrophages that kill H. polygyrus infection may therefore provide 

insight into new wound-healing mechanisms. Mechanistically, recruitment and killing of 

H. polygyrus by M2 macrophages involved recognition of helminth antigen-antibody 

immune complexes and the production of CXCR2 ligands [70]. Mice-deficient in FcγR 

signaling and activation-induced cytidine deaminase, which contributes to antibody 

maturation and class switching, exhibited impaired worm killing but also increased 

intestinal lesions suggesting defective wound repair. Furthermore, at later timepoints, 

Fcrg-/- and Aid-/- mice showed severe peritonitis that might be attributed to defective 

lesion repair resulting in increased bacterial translocation. Investigation of the mechanism 

of wound repair in this helminth infection model also revealed the importance of an 
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additional cell type: the myofibroblast, which was activated CXCL2 and CXCL3, via 

CXCR2, and helminth antigens via dectin-2, to mediate wound closure potentially 

through expression of a-SMA. Of translational significance, CXCL3 from human 

monocyte-derived macrophages induced by Ascaris suum, the pig helminth closely 

related to the human parasite Ascaris lumbricoides, upregulated wound healing by human 

myofibroblasts. These data indicate that crosstalk between M2 macrophages and other 

cell types is necessary for effective wound healing. 
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Figure 1. Wound-healing macrophage activation. (a) Injury by cuts, chemicals (CCl4 

and bleomycin), helminths or burn injury causes a breach in barrier. (b) The wound-

healing response is initiated by dying cells which release cytokines (TSLP, IL-25 and IL-

33) that activate Th2 cytokine (IL-4/IL-13)-producing cells. Innate cells such as 

neutrophils are also recruited to kill invading pathogens, and apoptosed once the 

challenge is resolved. (c) M2 macrophages (left) are activated by the Th2 cytokines. 

Equally important is the activation of resolving macrophages (right) which are activated 

by phagocytosis of the apoptotic cells resulting from the inflammation. Rather than 

distinct subsets, both M2 and resolving macrophages represent a continuum of 

macrophage activation that are influenced by both Th2 cytokines and apoptotic cells. 
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Figure 2. Macrophage enhancers and effectors in wound healing and fibrosis. 

Wound-healing macrophage activation is enhanced by the following surface markers: (a) 

signaling through the Myo18A receptor; (b) FcγR-mediated signaling by immune 

complexes; (c) ATP or adenosine binding to purinergic receptors; (d) Mincle surface 

expression; and intracellular factor; (e) nuclear receptor PPARγ; (f) micro-RNA 21. 

These enhance macrophage effector function to promote wound healing, but if excessive, 

can lead to fibrosis. ATP, adenosine triphosphate.  
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Apoptotic cells 

A critical step to wound healing is the clearance of apoptotic cells resulting from 

the inflammatory environment. This process is mediated by resolving, or resolution, 

macrophages. Resolving macrophages sense and phagocytose phostaphatidylserine 

(PtdSer)-exposed apoptotic cells in a process called efferocytosis [71]. Effective 

efferocytosis is dependent on the receptor tyrosine kinases AXL and MERTK. In addition 

to clearing dead cells, resolving macrophages contribute to wound healing and tissue 

homeostasis by producing anti-inflammatory molecules such as IL-10, and tissue 

remodeling growth factors such as TGF-b. Th2 cytokines and apoptotic cell engulfment 

were originally considered distinct signals, which activated M2 or resolving 

macrophages, respectively; however, recent studies have uncovered synergism of these 

signals for optimal wound healing. Indeed, co-treatment of bone marrow-derived 

macrophages with apoptotic neutrophils and Th2 cytokines induced maximal expression 

of wound healing genes Retnla (RELMa), Chil3 (Ym1), Ear2 (Eosinophil-associated, 

ribonuclease A family, member 2) and Fn1 (Fibronectin 1) [71]. The essential function of 

apoptotic cell recognition for optimal M2 activation was demonstrated utilizing 

macrophages deficient in AXL and MERTK in N. brasiliensis infection as an in vivo 

model of M2 macrophage-dependent wound healing [71]. Critically, AXL and MERTK 

functional effects on tissue repair were not restricted to the lung, as these proteins were 

required for upregulation of the anti-inflammatory and wound healing genes in 

macrophages in the damaged intestine and peritoneal cavity. It has previously been 

shown that SP-A induces efferocytosis while C1q activates tyrosine-protein kinase Mer 
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expression [72]. Thus, in addition to M2 activation, SP-A and C1q might promote 

apoptotic cell sensing [73]. Together, these studies implicate an interdependent, positive 

feedback loop whereby apoptotic cells and Th2 cytokines act together to promote 

macrophage-mediated wound healing. 

 

Resistin-Like Molecule Alpha (RELMα) 

RELMα is a 10 kDa small-secreted protein, which has a cysteine-rich domain in 

C-terminal. RELMα was discovered in bronchoalveolar lavage fluid from mice with 

experimentally induced allergic pulmonary inflammation [74]. The following study 

showed that RELMα expression is high in the pulmonary vasculature, bronchial epithelial 

cells, and type 2 pneumocytes in hypoxia conditions [75]. However, RELMα was also 

shown to be strongly induced in type 2 immune response and expressed by alternatively 

activated macrophages (AAMs/M2) [66, 76-78]. While an immunomodulatory function 

of hematopoietic cell-derived RELMα in Th2 immune response has been well studied, 

there is a still lack of understanding in Th1 immune response. RELMα downregulates the 

Th2 immune response activated by N. brasiliensis in the lung to avoid severe tissue 

damage, increasing the parasite burden in the host [79, 80]. In addition to AAMs, N. 

brasiliensis infection induces RELMα expression by B cells in the lung, which decreases 

IL-17A expression to limit lung emphysema [81]. RELMα was also induced by bacterial 

infection, increasing inflammation in Citrobacter-induced colitis by activating IL-

23/Th17 axis [48]. On the other hand, RELMα has a protective function in skin bacterial 

infection [68]. RELMα expression was upregulated by dietary vitamin A and microbiota 
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colonization in the mouse skin, which has a bactericidal function. Another function of 

RELMα is the activation of wound healing. RELMα has mitotic and chemotactic 

functions on bone marrow cells and mesenchymal stem cells [82-85]. RELMα triggers 

tissue remodeling by recruiting these cells and activating proliferation in the lung. 

RELMα also regulates genes involved in tissue remodeling. RELMα activates the 

enzyme lysyl hydrolase 2 (Plod2), which mediates optimal collagen cross-linking [62]. In 

N. brasiliensis-infected mice, gene expression analysis of RELMα-treated lung 

macrophages revealed that RELMα promoted the expression of genes involved in 

extracellular matrix remodeling: matrix metalloproteinase 9 (Mmp9), integrin beta 1 

(Itgb1) and junctional adhesion molecule A (F11r) [80]. However, the exact downstream 

signaling that controls tissue repair by RELMα has not been fully studied yet, and genes 

controlled by RELMα in the lesion after the resolution of inflammatory response was 

investigated in Chapter 2 in chronic intestinal infection with Heligmosomoides polygyrus, 

where granulomas form around the worms as they encyst in the tissue, analogous to a 

wound being repaired at a site of tissue injury. 

 

C-X3-C motif chemokine receptor 1 (CX3CR1) 

CX3CR1 is a G-protein coupled receptor that binds the chemokine 

CX3CL1/fractalkine. CX3CR1 is expressed on monocytes, where it is critical for 

effective monocyte adhesion and transmigration through the endothelium into the tissues. 

Within the tissue, and dependent on the inflammatory environment, CX3CR1-expressing 

monocytes differentiate into dendritic cells and macrophages, with essential protective 
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functions against many pathogens, including bacteria and viruses [86, 87]. CX3CR1 

signaling also occurs in response to injury and fibrosis. In murine models of spinal cord 

injury and stroke, CX3CR1-deficient mice have ameliorated neural outcomes associated 

with a reparative phenotype in CX3CR1-expressing microglia and macrophages [88, 89]. 

In pulmonary and peritoneal fibrosis models, CX3CR1 signaling is also detrimental, 

exacerbating fibrosis. Further, in infection with Schistosoma japonicum, acute hepatic 

granuloma formation, and liver pathology is increased by CX3CR1 signaling, with 

little effect on parasite burdens [90]. Together, these studies suggest that CX3CR1 

signaling is important for optimal effector responses to multiple pathogens but needs to 

be tightly regulated to reduce inflammatory outcomes and tissue pathology. However, 

CX3CR1 signaling in pulmonary helminth infection has not previously been examined 

and will be discussed in the chapter 5. 
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Conclusion 

STH infections are a global public health problem and an effective vaccine has 

yet to be developed. These macroparasite infection cause damage to the tissue as they 

migrate through tissues. Exploring the function of macrophages in tissue repair can reveal 

new pathways to improve responses to injury beyond helminth infection. Upon helminth 

infections, RELMα is expressed by M2 macrophages in the lungs, which regulate the 

immune response and induce tissue repair. In chapter 2, we will address how RELMα 

regulates granuloma produced by H. polygyrus infections in the intestine. In chapter 3, 

we will investigate new factors that promote RELMα expression, specifically the effect 

of choline, a dietary nutrient.  

RELMα is also a marker for monocyte-derived tissue-resident macrophages in 

non-homeostatic conditions. This means that RELMα is not just a protein that is 

upregulated and functions in the Th2 immune response but may have different functions 

in other types of immune response. RELMα was beneficial for the host in helminth 

infections, but we will demonstrate that RELMα is harmful to the host in influenza 

infections in chapter 4.  

Lastly, the cell-intrinsic function of CX3CR1 was identified. CX3CR1 is a 

chemokine receptor required for the recruitment and differentiation of monocytes in the 

inflammatory condition. We validated that CX3CR1 regulates proinflammatory cytokine 

and cytotoxic molecule production in monocytes in the chapter 5. Collectively, this 

dissertation will investigate the function of host proteins, RELMα and CX3CR1 in 
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mucosal infection, and further the mechanism by which they regulate immune responses 

against pathogens. 
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Abstract 

T helper type 2 cytokine-induced granulomas in helminth infection are critical to 

trap and eliminate the parasite. However, excessive granuloma formation, or the inability 

to resolve the granuloma once the helminth has been cleared, causes pathogenic fibrosis. 

Understanding granuloma formation and resolution could provide insight into balancing 

helminth trapping, while limiting pathologic outcomes and promoting tissue healing. Th2 

cytokine-induced ‘M2’ macrophages are dominant cell-types in the helminth-induced 

granuloma and perform dual functions in helminth killing and host healing. M2 

macrophages secrete Resistin-like molecule (RELMα), a protein with pleiotropic 

functions. In the lung and skin, RELMα limits Th2 cytokine responses and promotes 

tissue healing. However, whether RELMα regulates immune and inflammatory outcomes 

in chronic intestinal helminth infection is unknown.  

Employing Retnla knock-out/tdTomato reporter knock-in mice, we investigated 

RELMα’s function in infection with Heligmosomoides polygyrus (H. polygyrus), a 

helminth that chronically infects mice and induces macrophage-rich intestinal 

granulomas. RELMα was highly expressed in granulomas, and RetnlatdT/tdT mice had 

significantly increased granulomas of larger size at day 21 post-infection, suggesting an 

inability to resolve granulomatous inflammation. Myeloid gene expression analysis 

revealed significantly elevated ECM-remodeling gene Serpine1 and monocyte-derived 

peritoneal macrophages in RetnlatdT/tdT granulomas. Serpine1 protein was intensely 

expressed in the center of RetnlatdT/tdT granuloma where many immune cells were still 

remained. Together, our findings suggest that RELMα constrains the helminth-induced 
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inflammatory response to the site of infection and injury and promotes granuloma 

resolution by regulating Serpine1 expression. Promoting RELMα responses in 

macrophages may therefore provide an avenue to limit granulomatous inflammation and 

enhance intestinal tissue healing in chronic helminth infection. 
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Introduction 

Helminths are macroparasites that infect an estimated two billion individuals 

worldwide and can cause severe morbidities such as growth retardation and organ failure, 

with no effective vaccine to-date. Remarkably, despite their size and the tissue migratory 

ability of many of these, the majority of helminth infections are chronic with limited 

tissue pathology or inflammation [1]. This host disease tolerance, which limits host 

pathology while at the same time allowing helminth persistence, is mediated by both host 

immune-regulatory and tissue healing mechanisms and helminth-derived anti-

inflammatory molecules [2]. Identifying factors that affect this dynamic balance between 

helminth killing and host tissue preservation would provide specific mechanisms to 

promote anti-helminth immunity while limiting tissue pathology. These factors could also 

identify new anti-inflammatory and tissue healing treatments of relevance beyond 

helminth infection. 

Heligmosomoides polygyrus [3, 4], a natural helminth parasite of mice, offers a 

useful model for chronic intestinal infection, tissue injury and granuloma formation [5]. 

The ingested larvae migrate from the intestinal lumen through the tissue to develop into 

adults in the muscularis externa, then return back to the lumen to establish chronic 

infections. H.polygyrus-induced T helper type 2 (Th2) immune responses promote 

parasite killing through trapping the parasites in granulomas, and also contribute to tissue 

healing of the H.polygyrus-induced intestinal lesions. Both parasite killing and tissue 

healing processes have overlapping immune mediators, including alternatively activated, 

or M2 macrophages. M2 macrophages are dominant cell subsets within the granuloma, 
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and if depleted by clodronate liposomes or cell-specific IL-4R deletion, mice are 

impaired in their ability to kill the helminth [6]. The M2 nomenclature may not 

adequately grasp the expansive heterogeneity of macrophage activation in helminth 

infection, and the contribution of both Th2 cytokine-dependent and independent 

macrophage-derived molecules to helminth killing and tissue repair have been reported 

[7]. Macrophages promoted H.polygyrus intestinal lesion healing by activating 

myofibroblast wound closure [8, 9] through antibody and chemokine signaling-dependent 

mechanisms, while Arginase1, which is highly expressed by the M2 macrophages within 

the H.polygyrus granuloma, mediates parasite immobilization [10].  

RELM, also known as FIZZ1 and HIMF, was originally identified as a highly 

secreted protein in the lung during allergic airway inflammation [11], however, it is now 

well-recognized that RELM is pleiotropically expressed throughout the body, and a 

signature gene expressed by macrophages in response to infection by multiple helminth 

infections [12, 13]. Studies in pulmonary inflammation, hypertension and fibrosis pointed 

to an inflammatory function for RELM by promoting immune cell recruitment and 

fibroblast activation and proliferation associated with pathogenic fibrosis [14, 15]. In the 

intestine, RELM promotes Th17 responses and both bacterial and chemical-induced 

colitis [16, 17]. On the other hand, in response to tissue migratory helminth parasites, 

RELM critically prevents fatal lung tissue damage, granulomatous inflammation, and 

promotes tissue repair [18-21]. RELM downstream regulatory mechanisms include 

limiting CD4+ Th2 cytokine and anti-inflammatory responses, as well as promoting 

collagen cross-linking associated with tissue healing [22-25]. RELM’s downregulation 
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of CD4 Th2 effector cells also promotes helminth persistence as a disease tolerance 

mechanism to limit immunopathology at the expense of impaired helminth elimination 

[18, 23].  

  H.polygyrus infection induces macrophage expression of Resistin-like molecule 

(RELM)  in the granuloma, however, RELM’s role in H.polygyrus parasite 

elimination, granuloma formation or intestinal wound healing is unknown [4, 26, 27]. To 

investigate this, we utilized RELM-knockout/tDTomato reporter knock-in (RetnlatdT/tdT) 

mice and infected them with H.polygyrus. Compared to Retnla+/+ mice (WT), RetnlatdT/tdT 

(KO) mice exhibited increased local immune responses, which was associated with 

enlarged parasite-induced granulomas with more remaining immune cells in the center. 

Gene expression analysis of granulomas identified a dysregulated gene, Serpine1, in the 

absence of RELM. Immunofluorescence staining of granulomas showed that Serpine1 

protein expression was significantly higher in RetnlatdT/tdT granulomas. Together, our 

findings demonstrate that RELM limits H. polygyrus immune responses and promotes 

granuloma healing. Furthermore, a RELM downstream effector mechanism that involve 

ECM remodeling was identified. Understanding RELM and its downstream effector 

mechanisms may therefore help mitigate helminth infection-induced tissue damage and 

granulomatous inflammation in the intestine. 
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Materials and Methods 

Mice 

RetnlatDT transgenic mice were generated by genOway (Lyon, France) by targeting 

Retnla Exon 2-4 using cre recombinase and Flp-mediated excision and replacement with 

the tDT reporter gene. Briefly, mice were bred with a genOway proprietary Cre deleter 

C57BL/6 mouse line to generate constitutive RetnlatDT/+ mice. RetnlatDT/+ heterozygote 

mice were crossed with C57BL/6J mice to generate littermate homozygote (tdT/tdT) and 

WT (+/+) mice after two generations, then bred in-house. Mice were genotyped by PCR 

and RELMα serum ELISA. Mice were age matched (6 to 14 weeks old), sex-matched for 

experiments, and housed five per cage under an ambient temperature with a 12 hours 

light/12 hours dark cycle. For H. polygyrus infection, mice were injected through oral 

route with water (naive) or H. polygyrus L3 following the Bolus (200 L3 at d0) or trickle 

infection protocol (~30 L3 at d0, 2 ,4, 6, 8, 10 post-infection for a total of 200 L3). 

 

Histology and Immunofluorescence staining 

Intestinal tissue was stored overnight in 4% PFA at 4°C. After 24 hours, tissue was 

removed from 4% PFA and incubated for 24 hours in 30% sucrose. Intestines were 

blocked in OCT, sectioned at 10µm, and stained by H&E. Area of granulomas and 

opened lesions were quantified by an ImageJ software. For immunofluorescent staining, 

sections were incubated with rabbit anti-RELMα (Peprotech, Rock Hill, NJ), APC-

conjugated Rat anti-RELMα (eBioscience, San Diego, CA), and rabbit anti-PAI1 
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(Invitrogen, Waltham, MA) overnight at 4°C. Sections were incubated with anti-Rabbit 

fluorochrome-conjugated antibody for 2 hours at RT then counterstained with DAPI.  

 

Cytokine quantification 

Blood was collected by cutting the renal artery and spun down at 14000g and at 4°C for 10 

min to collect serum. The intestinal homogenates were collected by scraping mucus from 

the small intestine and homogenizing it in 500ul of ice-cold PBS. The homogenized 

intestinal tissue was spun down at 14000g and 4°C for 1hr and supernatant was collected. 

For sandwich ELISA, capture and biotinylated detection antibodies were used according 

to previously described protocols: RELMα (eBioscience) [21].  

 

Nanostring gene expression analysis 

Intestinal tissue from naïve mice or dissected granulomas from infected mice were snap-

frozen in liquid nitrogen, then RNA isolation performed with TRIZOL (Sigma-Aldrich, St. 

Louis, MO). RNA was processed and quantified by the Myeloid Innate Immunity v2 panel 

according to manufacturer’s instructions (Nanostring, Seattle, WA). Gene expression 

analysis was conducted using the Advanced Analysis Nanostring software. Raw counts 

were normalized to internal controls, then normalized transcripts with n > 20 counts were 

included for analysis (a total of 734 genes). The Nanostring Advanced Analysis algorithm 

generated biological pathway scores by extracting pathway-level information from a group 

of genes using the first principal component (PC) of their expression data [28]. 

Differentially expressed (DE) genes (Adj p≤0.05, log2Fold≥1.5) in each pathway were 
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graphed as a volcano plot and heatmap. Digital cell quantification was conducted by 

analyzing log2 gene counts with an Immquant software [29].  

 

Statistical analysis 

Data are presented as mean ± SEM and statistical analysis was performed by GraphPad 

Prism 9 software. Data was assessed by one-way ANOVA followed by post-hoc Tukey’s 

test for multiple comparison, or the unpaired t-test for 2-group comparisons. For data 

collected over several timepoints, two-way ANOVA with post-Sidak multiple test was 

performed. *, p≤0.05; **, p≤0.01; ***, p≤0.001, ****, p≤0.001. Experiments were 

repeated 2-4 times with n=3-5 per group for each experiment, apart from Nanostring gene 

expression analysis, which was performed once (n=2 for naive and n=4 for infected per 

group). 

 

ETHICS STATEMENT 

All protocols for animal use and euthanasia were approved by the University of California 

Riverside Institutional Animal Care and Use Committee 

(https://or.ucr.edu/ori/committees/iacuc.aspx; protocol A-20180023 and 20210017), and 

were in accordance with National Institutes of Health guidelines. Animal studies are in 

accordance with the provisions established by the Animal Welfare Act and the Public 

Health Services (PHS) Policy on the Humane Care and Use of Laboratory Animals. 
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Results 

H. polygyrus infection induces RELMα expression in granulomas in the small intestine but 

has no effect on the parasite burden. 

We previously investigated Retnla-/- mice in infection with rat hookworm 

Nippostrongylus brasiliensis and demonstrated that RELM-expressing macrophages 

limit infection-induced lung inflammatory responses [18, 21]. However, caveats exist for 

this transgenic mouse and infection model, which restrict the ability to determine RELM 

function in intestinal helminth infection. Impaired Retnlb gene expression could be due to 

disruption of certain Retnlb regulatory motifs by the genetic insertion of the LacZ gene and 

the antibiotic selection cassette in these transgenic mice. For these reasons, Retnlatdt/tdT 

mice, where the selection cassette was excised and replaced with a tdTomato reporter gene 

to enable tracking of RELM-expressing cells, were used in this study. Retnlatdt/tdT mice 

had an equivalent level of RELMβ in the serum of Retnla+/+ mice, validating that the Retlna 

deletion was specific (Fig 3A). Second, while N.brasiliensis provides a useful model to 

investigate lung tissue migratory parasites, it is a rat parasite and cannot establish chronic 

intestinal infections in mice. Thus, RetnlatdT/tdT and Retnla+/+ mice were infected with H. 

polygyrus, which establishes chronic infections in BL/6 mice [4, 30]. For H. polygyrus 

infection, we chose both physiologic trickle infection regime [31] and single bolus 

infection. RELM ELISA quantification of intestinal tissue and serum from naïve or day 

21-infected mice showed that H. polygyrus infection induced significant local RELM in 

WT mice (Figure 3B and C). Immunofluorescent staining of granulomas for RELM 

revealed RELM-positive cells in the outer areas of granulomas, with less staining in the 
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necrotic center (Figure 3D). However, there was no difference in egg and adult worm 

burden in the intestine between WT and KO mice (Figure 3E-G). These data suggest that 

RELMα is robustly expressed in granulomas in the infection site but has no effect on the 

parasite burden. 
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Figure 3. H. polygyrus infection induces RELMα expression in granulomas in the 

small intestine but has no effect on the parasite burden. Retnla+/+ (WT), Retnla-/-, and 

RetnlatdT/tdT (KO) mice were injected with water (naive) or bolus or trickle-infected with 

H. polygyrus L3 (infected) and sacrificed at day 21 post-infection (DPI). (A) RELMβ in 

the serum was quantified by ELISA. (B and C) RELMα was measured by ELISA in the 

serum and small intestine (SI) homogenate. (D) RELMα in two representative 

granulomas from H. polygyrus-infected Retnla+/tDT mice at day 21 was imaged by 

immunofluorescence staining. (green: RELMα, blue: DAPI); Scale bar, 200m; 

Magnified: 40m. (E-G) Parasite burdens were quantified by egg counts in the feces, and 

adult worms in the small intestine. Representative data from 2-3 independent experiment 

(n = 3-5 per group) were presented as mean ± SEM. 
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RELMα promotes resolution of inflammation and tissue repair in H. polygyrus-induced 

granuloma. 

 When H. polygyrus L3 larvae reach to the small intestine, they migrate to the 

submucosal layer of the small intestine forming Th2-dependent granulomas [3]. Th2-

induced granulomas are inflamed tissue where immune cells are accumulated around 

parasitic larvae or eggs, and they are collagen-rich [5]. In the previous study, RELMα 

expressed by macrophages polarized by IL-4 induces lysyl hydroxylase 2 (LH2), which 

plays an important role in pro-fibrotic collagen crosslinks [24]. Since granulomas are 

pathologic outcome of H. polygyrus infection, they were imaged by sectioning the small 

intestine and H&E staining. While trickle-infected WT and KO mice had similar size of 

granulomas, bolus-infected KO mice had bigger granulomas compared to WT mice 

(Figure 4A and B). At day 21 post-infection, inflammation was not completely resolved, 

and there were still opened lesion and remaining immune cells in the center of 

granulomas.  Both trickle-infected WT and KO mice had wide open lesions because they 

were lastly infected at day 10 post-infection. Therefore, granuloma formed by larvae at 

day 10 post-infection had not enough time to resolve inflammation and repair damage. 

On the other hand, bolus-infected WT mice had smaller and denser granulomas compared 

to granulomas in KO mice that was more similar to granulomas in trickle-infected mice 

(Figure 4A and C).  These data suggest that RELMα is required for resolving 

inflammation and wound healing in granulomas formed by H. polygyrus infection.  
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Figure 4. RELMα promotes resolution of inflammation and tissue repair in H. 

polygyrus-induced granuloma. Retnla+/+ (WT) and RetnlatdT/tdT (KO) mice were 

gavaged with water (naive) or bolus or trickle-infected with H. polygyrus L3 (infected) 

and sacrificed at day 21 post-infection (DPI). (A) Frozen small intestines were sectioned 

at 10μm and stained with H&E. (B and C) The entire granuloma size and opened lesion 

in the center of granuloma were measured by ImageJ. (Scale bar = 100m) 

Representative data from 2-3 independent experiment (n = 3-5 per group) were presented 

as mean ± SEM.  
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RELMα upregulates migration of monocyte-derived macrophages and downregulates 

many DE genes in bolus granulomas. 

The increased size and opened lesion of granulomas in bolus-infected KO mice 

suggest that RELM regulates pathways involved in tissue healing and remodeling, 

therefore differential expression of genes associated with these pathways were 

investigated. There were 50 differentially expressed (DE) genes between bolus WT and 

KO granulomas whereas there was no DE gene between trickle WT and KO granulomas 

(Figure 5A and trickle data is not shown). In pathway analysis, cell migration and 

adhesion pathway were significantly more activated in WT granulomas compared to KO 

granulomas (Figure 5B). Interestingly, MHCII+F4/80lo monocyte-derived peritoneal 

macrophage ontogeny, which is known to expressing RELMα robustly, were 

significantly lower in bolus KO granulomas compared to WT granulomas in digital cell 

quantification (Figure 5C). Ldlr, Eif4ebp2, Lrp5, and Timp3, which are important for 

regulation of inflammation, were upregulated in H. polygyrus-induced granulomas 

compared to naive tissue (Figure 5D). There was increased metabolism gene expression 

such as Gk5, Sgpp1, and Hpgds in KO naive tissue and granulomas than WT tissues, 

pointing to more active metabolism in KO mice. In KO granulomas, important genes for 

differentiation and maintenance of myeloid cells such as Hnf1b and Gadd45b were 

upregulated, indicating ongoing myeloid cell activation in KO granulomas. There were 

some DE genes with increased expression only in KO granulomas compared to naive 

tissue; Among these genes, Enc1 is involved in lymphocyte activation, and Arhgef28, 

Ptgdr, and CD276 are related to cell migration and adhesion. Interestingly, Serpine1, 
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which is known to inhibit wound healing and induce fibrosis [32-34], was more 

expressed in KO granulomas compared to WT granulomas. These data demonstrate that 

RELMα plays a key role in migration of monocyte-derived macrophages and regulation 

of many genes including an anti-wound healing gene, Serpine1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 46 

 

 

 



 47 

Figure 5. RELMα upregulates migration of monocyte-derived macrophages and 

downregulates many DE genes in bolus granulomas. Retnla+/+ (WT) and RetnlatdT/tdT 

(KO) mice were injected with water (naive) or bolus or trickle-infected with H. polygyrus 

L3 (infected) and sacrificed at day 21 post-infection (DPI). RNA was extracted from 

isolated granulomas and used for Nanostring. (A) DE genes in KO granulomas with 

baseline of WT granulomas were shown on the volcano plot. (B) Cell migration and 

adhesion pathway score was calculated based on expression of genes in the pathway. (C) 

Immune cells in granuloma were quantified by Immquant (digital cell quantification). (D) 

DE genes (Adj p≤0.05, log2Fold≥1.5) were shown as a heatmap. Data (n = 2-4 per 

group) were presented as mean ± SEM.  
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RELMα expressed in the outer part regulates Serpine1 expression in opened lesion of 

granulomas. 

After trapping and killing larvae, granulomatous tissue should be repaired and 

turned back to normal tissue to function properly. RELMα regulates a variety of genes 

involved in tissue repair such as Plod2, Mmp9, Itgb1, and F11r. Moreover, the most 

regulated gene, Serpine1, was shown to elevate inflammation and collagen-producing 

cells, delaying wound healing and inducing fibrosis in various inflammatory conditions 

[32-34]. Thus, Serpine1 expression was investigated in granulomas. While RELMα was 

expressed in the outer part of granulomas, Serpine1e was expressed in the center of 

granulomas where immune cells largely remained (Figure 6A). Interestingly, Serpine1 

expression was more intense in the opened lesion in KO granulomas than in WT 

granulomas, suggesting that RELMα expressed in the outer granulomas regulates 

Serpine1 in the center and accelerate wound healing.   
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Figure 6. RELMα expressed in the outer part regulates Serpine1 expression in 

opened lesion of granulomas. Retnla+/+ (WT) and RetnlatdT/tdT (KO) mice were injected 

with water (Naïve) or bolus or trickle-infected with H. polygyrus L3 (Inf) and sacrificed 

at day 21 post-infection (DPI). (A) Frozen small intestines were sectioned and incubated 

with fluorochrome-conjugated antibodies followed by imaging by a fluorescence 

microscope.  
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DISCUSSION 

In this study, we identify a critical function for RELMα in limiting granulomatous 

immune responses in chronic intestinal helminth infection. In the absence of RELMα, 

mice were unable to limit infection-induced granuloma expansion or resolution. 

Helminth-induced granulomas are recognized as important host-protective structures to 

contain the parasite, but also contribute to the healing of the parasite-caused intestinal 

lesions (5). In RetnlatdT/tdT mice, there were granulomas larger than Retnla+/+ granulomas. 

However, there was no significant difference in intestinal egg and worm burdens, 

suggesting that RELMα function is more focused on tissue repair rather than anti-

helminthic immunity in the small intestine.  

  In Nanostring analysis, cell migration and adhesion pathway were more activated 

in KO granulomas than WT granulomas. Also, digital cell quantification of the 

granulomas from Retnla+/+ or RetnlatdT/tdT mice suggested that RetnlatdT/tdT granulomas 

had more monocyte-derived peritoneal macrophage ontogeny, which is a heavy producer 

of RELMα. These data are in line with recently published paper that suggested RELMα 

as a marker for tissue-resident macrophages contributed by monocytes [35]. RELMα was 

shown to protect host by downregulating the Th2 immune response and activating tissue 

repair in another helminth infection, Nippostrongylus brasiliensis [18-20], which support 

tissue repair function of RELMα expressed in granulomas in this study. Moreover, 

RELMα functions as a chemotactic factor itself. RELMα recruits bone marrow-derived 

cells to the pulmonary vasculature and human mesenchymal stem cells [36-38]. Thus, it 
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is possible that RELMα expressed in granulomas recruited bone marrow-derived 

macrophages, but also stromal cells to repair damaged tissue.  

Controversy on RELMα’s function exists including reported pro-fibrotic versus 

tissue healing properties. Although RELMα’s role in exacerbating fibrosis versus 

promoting tissue healing may appear counterintuitive, the processes of tissue repair and 

tissue fibrosis share overlapping mechanisms (37). It is likely that RELMα’s effects on 

these protective and pathogenic processes are context-dependent and dictated by the 

tissue environment. Nanostring and immunofluorescence staining data suggests that 

RELMα inhibits fibrotic granuloma formation through regulating Serpine1. Serpine1 is 

highly expressed in keloid fibroblasts which is collagen-rich [32], and previous studies 

showed that Serpine1 delays wound healing and induces fibrosis in the skin and lung [33, 

39]. RELMα-deficient mice exhibited both an impaired ability to resolve granulomas 

over time and increased granuloma size, which implicates a role for RELMα in regulating 

pro-fibrotic gene Serpine1 for proper tissue healing to clear the chronic granuloma. In 

conclusion, a regulatory function of RELMα in the granulomatous intestinal tissue is 

demonstrated in this study. Here, RELMα performed functions to promote tissue healing 

and granuloma resolution by limiting pro-fibrotic gene Serpine1. Further investigation of 

this pathway could uncover wound healing pathways that could be exploited to improve 

tissue repair. 
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Abstract 

Choline is an essential nutrient, functioning as a precursor for membrane 

phospholipid. In previous studies, LPS-induced M1 polarization induced the expression 

of choline transporter CTL1 and choline uptake, which promoted proinflammatory 

cytokine production. However, whether choline metabolism regulates M2 macrophage 

polarization and Th2 cytokine production in vivo is unclear. In vitro, CTL1 protein 

expression was induced in M2 macrophages polarized by IL-4 as in M1 macrophages. To 

determine the function of choline metabolism in M2 polarization in vivo, mice were 

infected with Heligmosomoides polygyrus (H. polygyrus) or Nippostrongylus brasiliensis 

(N. brasiliensis), intraperitoneally injected with choline kinase α inhibitor, RSM932-A or 

vehicle, and sacrificed at day 17 and 6 post-infection, respectively. RSM-932A treatment 

impaired weight gain in H. polygyrus-infected mice. Within the peritoneal cavity of H. 

polygyrus-infected mice, macrophages, eosinophils and B-1 lymphocytes were depleted 

by RSM-932A treatment, while monocytes and neutrophils were increased. Flow 

cytometric and immunofluorescence characterization of macrophages implicated RSM-

932A treatment in preventing transition from monocytes to macrophages and M2 

macrophage polarization in H. polygyrus-infected mice. This involved a significant 

reduction in expression of RELMα and CD206 and conversely increased expression of 

CD86 and PD-L1. Also, RELMα level in the serum and peritoneal fluid was 

downregulated by RSM-932A treatment in H. polygyrus-infected mice. In N. 

brasiliensis-infected mice, RELMα expression was downregulated by RSM-932A 

without M2 macrophage polarization of alveolar macrophages. The impaired activation 
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of macrophages was associated with some loss in optimal immunity to H. polygyurs with 

increased parasite egg burden but no differences in intestinal worm count. This study 

suggests that choline metabolism is required for M2 macrophage polarization and an 

optimal immune response against intestinal helminth infection. 
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Introduction 

 Choline is an important biomolecule for the normal function of all cells [1] 

because it has many functions in cells. Choline acts as a source of methyl groups to make 

S-adenosylmethionine, a part of acetylcholine, and a component of phosphatidylcholine 

and sphingomyelin [2]. These molecules are required for epigenetic regulation, neuro 

signaling, and producing cell membrane, thus aberrant choline metabolism can cause 

improper cell functioning. Phosphatidylcholine is the most abundant phospholipid in 

eukaryotic cells, which is produced by the Kennedy pathway [3]. After choline is uptaken 

by choline transporters, choline is phosphorylated by choline kinases in an ATP-

dependent manner to produce phosphatidylcholine and sphingomyelin. The choline 

kinases are found ubiquitously in eukaryotic cells [3, 4]. The rate of phosphatidylcholine 

synthesis can be affected by choline kinase activity [5-7]. Overexpression of choline 

kinase was involved in cell proliferation as DNA synthesis induced by growth factors 

requires phosphocholine as a secondary messenger [3]. However, the exact function of 

choline kinase alpha (ChoKα) in immune response has not been fully understood yet. 

 Depending on the type of immune response, metabolism in immune cells also 

changes, which greatly affects the efficiency of the immune response. The end products 

of the Kennedy pathway, phosphatidylcholine and sphingomyelin, are major components 

of the cell membrane, and aberrant regulation of this pathway will lead to abnormal 

immune responses. TRAF3 regulates B cell survival and expansion of the B cell 

compartment in secondary lymphoid organs [8]. In TRAF3-deficient mice, ChoKα 

expression was upregulated, increasing, phosphocholine and phosphatidylcholine 



 60 

biosynthesis [9]. When ChoKα was pharmacologically inhibited, the prolonged survival 

of Traf3-/- B cells was decreased in vitro and in vivo [9]. Macrophages are also immune 

cells whose metabolism changes with activation, and vice versa. In M1 polarized bone 

marrow-derived macrophages (BMDMs) by LPS, choline transporter CTL1 expression 

was increased, inducing choline uptake and phosphatidylcholine [10, 11]. When CTL1 

was inhibited by a pharmacological inhibitor or antibody, proinflammatory cytokines 

TNFα and IL-6 secretion was downregulated, but anti-inflammatory IL-10 secretion was 

increased in LPS-stimulated M1 BMDMs [10]. This altered cytokine secretion was 

involved in increased level of diacylglycerol and activation of protein kinase C. Choline 

uptake was also required for LPS-induced NLRP3 inflammasome activation and IL-1β 

production in BMDMs [11]. Inhibition of choline uptake and phosphorylation resulted in 

AMP-activated protein kinase (AMP), leading to mitophagy and termination of NLRP3 

inflammasome activation [11]. 

 Helminth infections polarize macrophages into M2 or alternatively activated 

macrophages (M2/AAMs), which express arginase-1, YM1, and RELMα [12-14]. M2 

macrophages activated by Th2 cytokines such as IL-4 and IL-13 play a crucial role in 

protection against helminths [15]. M2 macrophages were accumulated around H. 

polygyrus larvae at 4 days post-infection and were required for a protective Th2 memory 

response [15]. Furthermore, proteins produced by M2 macrophage regulate immune 

response against helminth infection and tissue repair [16]. Arginase-1 catalyzes 

hydrolysis of arginine to urea and ornithine [17, 18]. Arginase-1 mediated parasite 

trapping and helminth killing both in H. polygyrus and N. brasiliensis infection [19-21]. 
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Proteins derived from M2 macrophages are also functionally linked to each other. YM1 

expressed during the innate phase of N. brasiliensis infection promoted Th2 cytokine 

production, but the one expressed during the adaptive phase inhibited the production of 

these cytokines [22]. YM1 in the adaptive phase induced lung repair following helminth 

infection by upregulating RELMα expression. RELMα was identified as a master 

regulator of Th2 immune response in N. brasiliensis infection [23-25]. Hematopoietic 

cell-derived RELMα and RELMα-expressing lung interstitial macrophages dampen Th2 

immune response and protect the host from fatal lung damage. However, the mechanism 

by which M2 macrophage polarization and proteins are regulated has not been fully 

understood. In this study, mouse helminth infection models, H. polygyrus and N. 

brasiliensis, were employed to induce M2 polarization of macrophages in the peritoneal 

cavity and lung. When helminth-infected mice were injected with ChKα inhibitor, RSM-

932A, M2 polarization was impaired and RELMα expression was decreased both in the 

peritoneal cavity and lung. This study demonstrates the importance of choline 

metabolism in the M2 polarization of macrophages and the requirement of proper 

metabolism for optimal immune response to mouse helminth infections.    
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Materials and Methods 

Mice 

6 to 7 weeks old female C57BL6/J mice were purchased from the Jackson Laboratory (Bar 

Harbor, ME) and housed five per cage under an ambient temperature with a 12-hour 

light/12 hours dark cycle. All animal procedures were approved by the UCR Institutional 

Animal Care and Use Committee (protocol A-20210017).  

 

Heligomosomoides polygyrus and Nippostrongylus brasiliensis 

Hp and Nb life cycle was maintained in mice as previously described.1,2 Mice were 

infected with 200 Hp L3 stage larvae or injected with PBS (naive group) through oral 

gavage. Mice were infected with 500 Nb L3 stage larvae or injected with PBS (naive group) 

through subcutaneous injection. Egg burden was measured at indicated day post-infection 

by counting eggs in feces with Mcmaster slide. To enumerate L5 stage Hp, the small 

intestines of infected mice were cut longitudinally, and larvae were isolated by fine forceps. 

Nb larvae were isolated after incubating the intestine in PBS for ≥ 2 hours at 37°C. Isolated 

larvae were counted on the petri dish with grids under the dissection microscope.    

 

RSM-932A 

RSM-932A (Cayman Chemical, Ann Arbor, MI) was reconstituted 30mg/ml in DMSO. 

For in vivo injection, RSM-932A was further diluted with DMSO and PBS to 1.5mg/ml. 

Mice were injected with 3mg/kg of RSM-932A or 40% DMSO in PBS (vehicle group) 

through intraperitoneal injection.     
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Flow Cytometry 

Peritoneal exudate cells (PEC) were recovered in a total of 5 mL of ice-cold PBS. Cells 

were blocked with 0.6 µg Rat IgG and 0.6 µg anti-CD16/32 (93) for 5 min and stained for 

30 min with antibodies to Ly6G (1A8), CD3e (145-2C11), PD-L1 (MIH6), CD86 (GL-1), 

CD4 (RM4-5), MERTK (2B10C42), CD301b (LOM-14), PD-L2 (TY25), CD5 (53-7.3), 

Ly6C (HK1.4), MHCII (M5/114.15.2) (BioLegend, San Diego, CA); CD8 (3B5), CD11b 

(M1/70) (Invitrogen, Waltham, MA); SiglecF (E50-2440) (BD Bioscience, San Jose, CA); 

CD206 (MR5D3) (BioRad, Hercules, CA). Cells were then washed and analyzed on a 

Novocyte (ACEA Biosciences, San Diego, CA) followed by data analysis using FlowJo 

v10.8.1 (Tree Star Inc.; Ashland, OR). 

 

Immunofluorescence staining 

Intestinal tissue was stored overnight in 4% PFA at 4°C. After 24 hours, tissue was 

removed from 4% PFA and incubated for 24 hours in 30% sucrose. Intestines were blocked 

in OCT and sectioned at 10µm. Tissue sections were incubated with polyclonal rabbit anti-

CD86 (ThermoFisher, Waltham, MA), APC-conjugated anti-RELMα (DS8RELM) 

(Invitrogen, Waltham, MA), and biotinylated anti-CD206 (C068C2) (BioLegend, San 

Diego, CA) antibodies overnight at 4°C. Tissue sections were then incubated with Cy3-

conjugated goat anti-rabbit antibodies (Abcam, Waltham, MA) and Cy2-conjugated 

streptavidin (Jackson ImmunoResearhch, West Grove, PA) for 2 hours at 4°C and mounted 

with VECTASHEILD HardSet Antifade Mounting Medium (Vector Laboratories, 
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Newark, CA) followed by imaging with BZ-X800 microscope (Keyence, Itasca, IL). 

Positive cells were counted by QuPath 0.3.2 software.  

 

RELMα ELISA 

Anti-RELMα capture and biotinylated detection antibodies were used according to 

previously described protocol.3 

 

Statistical analysis 

Data are presented as mean ± SEM and statistical analysis was performed by Graphpad 

Prism 9 software. Data was assessed by the unpaired student t-test, one-way ANOVA 

followed by post-hoc Tukey’s test for multiple comparison. Data collected over several 

timepoints was analyzed by two-way ANOVA with post-Sidak multiple test was 

performed. (*, P≤0.05; **, P≤0.01; ***, P≤0.001; ****, P≤0.0001) Experiments with 

primary infection were repeated 3 times with n=3-5 per group for each experiment, and 

experiments with secondary and Nb infection were done one time.  
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Results 

Choline phosphorylation is required for M2 macrophage polarization and B cell 

responses in intestinal helminth infection. 

The importance of choline phosphorylation in in vivo M2 macrophage 

polarization was evaluated by infection with Heligmosomoides polygyrus (H. polygyrus), 

a parasitic nematode that colonizes the small intestine of mice and drives protective M2 

macrophage responses.4 Mice were orally infected with H. polygyrus larvae and left for 8 

days to allow parasite development to adults within the intestinal lumen, followed by 

treatment with RSM-932A or vehicle every two days. As control for infection, naïve 

mice were also treated with RSM-932A. RSM-932A treatment significantly decreased 

weight gain in H. polygyrus-infected mice, but this was not infection-specific since naïve 

mice also suffered from decreased weight gain in response to RSM-932A (Figure 7A and 

B). These findings are consistent with a previous study which reported that choline 

supply is required for weight gain.5 Intestinal H. polygyrus infection induces significant 

peritoneal cavity inflammation and M2 macrophage responses,6 therefore the effect of 

RSM-932A was examined by flow cytometric analysis of the peritoneal cavity cells at 

day 17 post-infection. H. polygyrus infection caused more than 10-fold increase in 

peritoneal cells compared to naïve mice, but there was no significant difference between 

vehicle and RSM-932A naïve nor injected groups (Fig 7C and D). Next, the effect of 

RSM-932A treatment on the immune cell population composition was examined by flow 

cytometry (Figure 3A). t-SNE plot analysis revealed striking effects of RSM-932A 

treatment on immune cell composition that were more pronounced in H. polygyrus 



 66 

infection (Figure 7E). There was a significant drop in eosinophils and B-1 cells in RSM-

932A-treated mice, while there was an induction in monocytes and neutrophils, both by 

frequency and total cell numbers (Figure 7E-G). Peritoneal macrophages were also 

decreased by RSM-932A in the peritoneal cavity of both naive and infected mice (Fig 8A 

and B). Macrophage polarization was examined by surface expression of M2 marker 

CD206 and M1 marker CD86 and PDL1 (Figure 8C and D). Compared to vehicle treated 

mice, M2 macrophage surface marker CD206 was significantly decreased with RSM-

932A treatment, while M1 macrophage markers CD86 and PD-L1 were increased, 

supporting the suppressive effect of RSM-932A on M2 macrophage polarization in vitro. 

RELMα expression has been shown to be upregulated in M2 polarized macrophages in 

various type 2 immune response models.7-9 Moreover, RELMα gene was the most 

downregulated gene by choline kinase inhibition in vitro, thus RELMα expression level 

was quantified in the serum and peritoneal fluid by ELISA (Figure 8E and F). H. 

polygyrus infection increased RELMα levels in the serum and peritoneal fluid, but this 

was significantly decreased with RSM-932A treatment (Figure 8E and F). M2 

macrophage responses was further examined at the infection site by immunofluorescent 

staining of intestinal tissue, which revealed decreased CD206+ and RELMα+ cells 

following RSM-932A treatment (Figure 8G and H). M2-polarized macrophages have 

been shown to play an important role in reducing helminth parasite burden,10,11 

however, there were no significant differences in egg and worm burden (Figure 8I). The 

chronic effects of RSM-932A treatment were also examined in a vaccination model for 

Hp involving secondary infection with Hp, where M2 macrophages are critical for 
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protection12 In this chronic model, RSM-932A treatment induced significantly increased 

monocyte and neutrophil responses and decreased B1 cell responses (Figure 9B). 

Additionally, RSM-932A treatment led to a switch in macrophage polarization phenotype 

with increased CD86 surface expression and decreased expression of CD206 and 

RELMα, in both the peritoneum and intestine (Figure 9C-F). This deficiency in M2 

macrophage polarization was associated with a significant but short-lived effect on 

parasite fecundity, with increased egg burdens at week 10 post-infection, but no 

significant differences in intestinal worm burdens (Figure 9G). To determine if choline 

kinase signaling had broader impacts in other helminth infections, the effect of RSM-

932A treatment was examined in infection with Nippostrongylus brasiliensis, a natural 

rodent parasite the acutely infects the lung and small intestine, and drives M2 

macrophage polarization and RELMα expression3,9 RSM-932A treatment inhibited 

weight gain but had no significant effects on bronchio-alveolar macrophage responses 

nor parasite burden (Figure 10E). However, immunofluorescent staining of the naïve and 

infected lungs revealed that Nippostrongylus brasiliensis induced RELMα expression in 

the lung airway epithelial cells and parenchyma, however, this was abrogated with RSM-

932A treatment, while more CD86 expression was observed (Figure 10F). These data 

suggest that the effect of choline kinase signaling in promoting RELMα expression is 

applicable in many helminth infection settings. Overall, these data confirm a role for 

choline kinase signaling in shaping the immune cell response in intestinal helminth 

infection including promoting M2 macrophage polarization and RELMα expression 

without impacting parasite burden. 
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Figure 7. RSM-932A treatment inhibits weight gain and changes overall immune 

cell populations in intestinal helminth infection. C57BL6/J mice were infected with 

200 H. polygyrus L3 larvae through oral gavage and intraperitoneally injected with 

vehicle or RSM-932A every 2 days from day 8 followed by sacrifice at day 17 post-

infection. (A-B) Weight change compared to weight before vehicle or RSM-932A 

injection was calculated at multiple time points after vehicle and RSM-932A injection. 

(C-D) Total cells in peritoneal exudate fluid were enumerated. (E) Immune cells in the 

peritoneal exudate fluid were plotted in the tSNE plots. (F-G) The number of eosinophils, 

B-1 cells, monocytes, and neutrophils was determined by flow cytometry. Values 

represent means ± SEM (n = 3 - 5 mice per group), and representative data from 3 

independent experiments was presented. Two-way ANOVA with post-Sidak multiple 

comparison test and student t-test were performed, and P values less than 0.05 were 

considered statistically significant. (*, P≤0.05; **, P≤0.01; ***, P≤0.001; ****, 

P≤0.0001) 
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Figure 8. RSM-932A inhibits M2 macrophage polarization in the peritoneal cavity 

and intestine in intestinal helminth infection. C57BL6/J mice were intraperitoneally 

injected with vehicle or RSM-932A every 2 days from day 0 to day 8 followed by 

sacrifice at day 9 post-injection. (A-B) Peritoneal macrophage number was determined by 

flow cytometry. (C-D) The geometric mean fluorescent intensity of CD86, CD206, and 

PD-L1 in peritoneal macrophages was evaluated by flow cytometry. (E and F) The 

concentration of RELMα in the serum and peritoneal fluid were measured by ELISA. (G 

and H) (G) CD206 and RELMα positive cells in the small intestine were imaged by a 

fluorescent microscope and (H) counted. (scale bar = 50um) Images of the small intestine 

from naive mice are presented in insets. (I) Eggs in feces were counted at multiple time 

points after infection, and adult worms were isolated from the small intestine and 

enumerated on the day of sacrifice. Values represent means ± SEM (n = 3 - 5 mice per 

group), and representative data from 3 independent experiments was presented. Two-way 

ANOVA with post-Sidak multiple comparison test and student t-test were performed, and 

P values less than 0.05 were considered statistically significant. (*, P≤0.05; **, P≤0.01; 

***, P≤0.001; ****, P≤0.0001) 
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Figure 9. RSM-932A reduces M2 polarization of peritoneal macrophages and has a 

modest effect on parasite burden in secondary intestinal helminth infection. 

C57BL6/J mice were infected with 200 H.poly L3 larvae through oral gavage and 

intraperitoneally injected with vehicle or RSM-932A every 2 days from day 2 post-

infection during the entire experiment. Mice were treated with an anti-helminthic drug at 

day 25 post-infection and challenge infected at day 42 post-infection followed by 

sacrifice at day 52 post-infection. For a long-term challenge infection, mice were infected 

with 200 L3 larvae and injected with vehicle or RSM-932A two or three times per week 

during the entire experiment. Then, mice were treated with an anti-helminthic drug at day 

93 post-infection and challenge infected at day 107 post-infection followed by sacrifice at 

day 117 post-infection. (A) Gating strategy of peritoneal exudate cells (B) The number of 

monocytes, neutrophils, B-1 cells, and peritoneal macrophages was determined by flow 

cytometry. (C) The geometric mean fluorescent intensity of CD86 and CD206 in 

peritoneal macrophages was evaluated by flow cytometry. (D) The concentration of 

RELMα in the serum and peritoneal fluid were measured by ELISA. (E-F) (E) CD86, 

CD206, and RELMα positive cells in the small intestine were imaged by a fluorescent 

microscope and (F) counted. (G) Eggs in feces were counted at multiple time points after 

infection, and adult worms were isolated from the small intestine and enumerated on the 

day of sacrifice. Values represent means ± SEM (n = 4 - 5 mice per group), and data from 

a single experiment was presented. Two-way ANOVA with post-Sidak multiple 

comparison test and student t-test were performed, and P values less than 0.05 were 
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considered statistically significant. (*, P≤0.05; **, P≤0.01; ***, P≤0.001; ****, 

P≤0.0001) 
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Figure 10. Intraperitoneal injection of RSM-932A has no effect on lung M2 

macrophage polarization or parasite burden in infection with rodent hookworm 

Nippostrongylus brasiliensis. C57BL6/J mice were infected with 500 N.brasiliensis L3 

larvae subcutaneously and intraperitoneally injected with vehicle or RSM-932A every 2 

days from day 0 followed by sacrifice at day 6 post-infection. (A) Gating strategy of 

bronchio-alveolar lavage fluid cells (B) Weight change compared to weight before 

vehicle or RSM-932A injection was calculated at multiple time points after injection. (C) 

The number of alveolar macrophages was determined by flow cytometry. (D) The 

geometric mean fluorescent intensity of CD206 in alveolar macrophages was measured 

by flow cytometry. (E) Eggs in feces and adult worms in the small intestine were 

enumerated at 6 days post-infection. (F) CD86, CD206, and RELMα positive cells were 

imaged by a fluorescent microscope. Values represent means ± SEM (n = 3-5 mice per 

group), and data from a single experiment was presented. Two-way ANOVA with post-

Sidak multiple comparison test, one-way ANOVA post-Tukey test, and student t-test 

were performed, and P values less than 0.05 were considered statistically significant. (*, 

P≤0.05; **, P≤0.01; ***, P≤0.001; ****, P≤0.0001) 
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Discussion 

In this study, the function of choline metabolism in M2 macrophage polarization 

in helminth infection was investigated. Many people in underdeveloped countries are 

afflicted with helminth infections due to poor sanitation and hygiene. Even if anti-

helminthic drugs are available, this is still insufficient to eradicate helminth infections in 

this area because of the development of anti-helminthic drug resistance and evasion of 

host immune response by worms. Moreover, many people have poor nutritional status in 

these countries, which results in a metabolic change. Thus, how changes in metabolism 

affect the immune response against helminths must be studied to develop an appropriate 

treatment for people living in the endemic area. Choline is a precursor of the substances 

that make up the cell membrane and is produced in small amounts in the body, so the rest 

of the essential intake should be supplemented by food. In the previous study, Choline 

deficiency inhibited weight gain and improved glucose tolerance in genetically-induced 

obese mice [26]. In Figure 7, weight gain was significantly decreased when ChKα was 

inhibited by RSM-932A in both naive and H. polygyrus-infected mice, indicating that an 

intact Kennedy pathway is required for weight gain.  

Type 2 immune activation by helminth infections induces alternative activation 

and a metabolic change of macrophages that are required for parasite trapping or tissue 

repair [27]. Whereas choline uptake and metabolism were shown to be required for 

proinflammatory response in LPS-induced M1 macrophages [10, 11], the function of 

choline metabolism has not been well characterized in M2 macrophages. H. polygyrus 

infection induces proliferation and M2 polarization of macrophages, and eosinophilia in 
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the peritoneal cavity [28, 29]. Repeated peritoneal injection of RSM-932A decreased 

macrophages, eosinophils, and B-1 cells but increased monocytes and neutrophils in H. 

polygyrus-infected mice. RSM-932A had a direct effect on BMDMs [10, 11], but it 

should be determined if these changes originated from the effect of RSM-932A on T cell 

activation despite no significant differences in CD8 and CD4-positive T cell numbers. 

Since M2 polarization induces the proliferation of macrophages, there must be more cell 

membrane synthesis. The inhibition of phosphatidylcholine and sphingomyelin 

production by RSM-932A probably contributed to less peritoneal macrophage 

proliferation in mice. RELMα expression is a trademark of M2 macrophages and was 

recently identified as a marker for monocyte-derived tissue-resident macrophages [14, 

30]. These studies support a lower level of RELMα in RSM-932A-injected mice, 

reflecting lower M2 macrophage numbers but higher monocyte numbers in the peritoneal 

cavity. It is possible that choline metabolism mediates macrophage derivation from 

monocytes before peritoneal macrophages undergo M2 polarization. RSM-932A 

downregulated M2 polarization of macrophage also in the small intestine of H. 

polygyrus-infected mice, but interestingly, there was no significant difference in parasite 

burden between vehicle and RSM-932A-injected mice. H. polygyrus larvae reside in the 

small intestine, and the immune response is robustly activated in the submucosal layer. 

However, it is difficult to deliver the drug directly and efficiently into the small intestine, 

so RSM-932A was delivered through intraperitoneal injection. Inhibition of M2 

macrophage polarization by peritoneal RSM-932A was probably not enough to 

completely limit the Th2 immune response against H. polygyrus. Therefore, it should be 
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determined how much RSM-932A is translocated into the small intestine and affects the 

immune response against H. polygyrus in the small intestine after peritoneal injection. 

Another function of M2 macrophages is arising memory Th2 immune response against 

secondary H. polygyrus infection [15]. Long-term RSM-932A injection made the changes 

in peritoneal immune cell populations and downregulation of M2 macrophage 

polarization more pronounced and increased the parasite burden after secondary 

infection. This indicates that RSM-932A has a greater effect on the function of M2 

macrophage in the adaptive immune response than in the innate immune response against 

H. polygyrus. 

Lastly, mice were infected with N. brasiliensis, which has the lung phase, to 

demonstrate the importance of choline metabolism in the M2 polarization of lung 

macrophages. Intraperitoneal injection of RSM-932A had no effect on immune cell 

populations, M2 macrophage polarization, and parasite burden in the lung, which was 

also caused by inefficient delivery. Thus, intratracheal or intranasal injection of RSM-

932A probably will have more drastic effects on the immune response against N. 

brasiliensis. However, RELMα expression was suppressed by RSM-932A in the lung of 

N. brasiliensis-infected mice despite of low efficiency of delivery, indicating that RSM-

932A regulates more specifically RELMα expression rather than M2 macrophage 

polarization in the lung.     

Collectively, this chapter demonstrates that ChKα activity is required for M2 

polarization of macrophages and appropriate immune response against intestinal 

helminth. Signaling pathways and mechanisms through which choline metabolism 
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regulates M2 macrophage polarization and RELMα expression should be investigated in 

future studies. 
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Abstract 

RELMα is a small secreted protein originally identified in T helper type 2 

cytokine inflammatory settings such as allergy and helminth infection. However, RELMα 

is also produced in the acute settings of lung injury and hypoxia, suggesting potential 

relevance for RELMα in non-Th2 cytokine-biased inflammatory responses. Influenza A 

virus (IAV) infection causes damage to the lung, triggering acute respiratory distress 

syndrome (ARDS). We characterized RELMα expression and investigated its function in 

murine influenza infection with the A/California/04/2009 (H1N1) strain. Influenza 

infection of wild type mice led to significantly increased airway epithelial cell production 

of RELMα while circulating serum RELMα levels were unchanged in naïve and infected 

mice. Using RELMα-deficient mice, where the RELMα gene was deleted and replaced 

with the reporter tdTomato gene (RetnlatdT/tdT), we found that RELMα-deficient mice had 

a lower viral burden in the lung compared to wild type mice. There was a positive 

correlation between RELMα concentration in the bronchio-alveolar lavage fluid (BALF) 

and IAV burden in the lung, and RELMα directly enhanced IAV infection of lung 

epithelial cells in vitro and in vivo independently of immune cells. Together, these data 

demonstrate that RELMα is expressed by IAV-infected epithelial cells, where it has a 

non-protective role in enhancing viral burden.  
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Introduction 

 Influenza infection is a global health concern causing an estimated 290,00-

650,000 deaths every year globally due to respiratory diseases. IAV has a broad spectrum 

of hosts including humans, swine, horses, marine mammals, and birds [1]. IAV infection 

results in a wide range of symptoms from mild respiratory disease to severe pneumonia, 

ARDS, and even death [2-4]. IAV genome consists of 8 RNA segments, which encode 

RNA polymerase subunits, viral structural and non-structural proteins. Influenza A virus 

changes its antigens by accumulating point mutations and reassorting genes between 

different subtypes, which are called antigenic drift and shift, respectively [5, 6].  

Influenza surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) undergo 

antigenic drift and shift frequently [7, 8], and there are 18 HA subtypes and 11 NA 

subtypes. Various combinations of HA and NA decide IAV subtypes. IAV enters host 

cells by binding to sialic acid linked to cell surface galactose on glycoproteins or 

glycolipids through HA [9, 10]. HA is the primary target of current influenza virus 

vaccines [11], and NA is also a target of vaccine development [12]. This mandates the 

development of the new vaccine every year the new variant emerges, which is costly and 

resource-demanding. Therefore, the identification of host factors that are effective in 

regulating immune response and decreasing tissue damage following IAV infection may 

provide a new strategy to decrease loss and waste cause by IAV infection. 

Differentiated epithelial cells in the upper and lower respiratory tract such as 

ciliated cells, club cells, and type 1 and 2 alveolar epithelial cells are primary targets of 

IAV infection, and viruses actively replicate in epithelial cells in the respiratory system 
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[13, 14]. Therefore, lung epithelial cells serve as the primary defense against influenza 

infection through various mechanisms. Influenza infection induces apoptosis of epithelial 

cells, which limits the further propagation of viruses and production of proinflammatory 

cytokines [15]. Epithelial cells also produce the type 1 and type 3 interferons after viral 

infection to activate antiviral responses in neighboring cells [14]. Moreover, epithelial 

cells express a variety of cytokines and chemokines that cause an inflammatory response 

in the lung. There is a cascade of cytokine production in epithelial cells starting with 

IFNα, TNFα, IL-1α, and IL-β followed by IL-6, followed by IL-6, CXCL1, monocyte 

chemoattractant proteins (MCPs), and macrophage inflammatory proteins (MIPs) after 

influenza infection [16]. The function of these antiviral and proinflammatory cytokines is 

well studied in IAV infection, but anti-inflammatory cytokines or other Th2-related 

proteins are not well characterized. 

RELMα was first discovered in mouse bronchio-alveolar lavage fluid (BALF) 

with an experimentally induced asthma model [17]. In a mouse chronic hypoxia model of 

pulmonary hypertension, RELMα was expressed in the pulmonary vasculature, bronchial 

epithelial cells, and type 2 pneumocytes with vasoconstrictive and angiogenic functions 

[18]. RELMα was also upregulated by gp130 cytokine, Oncostatin M (OSM), and 

required for the expression of matrix remodeling genes, including Col1a1, Col3a1, 

Mmp13, Timp1 [19]. Infection with the rat hookworm Nippostrongylus brasiliensis 

strongly upregulates RELMα in the lung, and its function is well characterized in this 

model [20-22]. While RELMα expressed by immune cells dampens the Th2 immune 

response to protect the host from fatal lung damage caused by N. brasiliensis infection, 
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the function of epithelial cell-derived RELMα was skewed toward damaged lung repair 

[20-22]. Unlike helminth infections, RELMα has a pathogenic function in Citrobacter 

infection by activating IL-23/Th17 axis [23]. However, the pathogenic function of 

RELMα has not been still studied well and the role of RELMα in viral infection has never 

been explored. This study identified that RELMα is upregulated by IAV infection in lung 

epithelial cells, and it induces infection of neighboring epithelial cells.  
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Materials and Methods 

Mice 

RetnlatDT transgenic mice were generated by genOway (Lyon, France) by targeting 

Retnla Exon 2-4 using cre recombinase and Flp-mediated excision and replacement with 

the tDT reporter gene. Briefly, mice were bred with a genOway proprietary Cre deleter 

C57BL/6 mouse line to generate constitutive RetnlatDT/+ mice. RetnlatDT/+ heterozygote 

mice were crossed with C57BL/6J mice to generate littermate homozygote (tdT/tdT) and 

WT (+/+) mice after two generations, then bred in-house. Mice were genotyped by PCR 

and RELMα serum ELISA. Mice were age matched (6 to 14 weeks old), sex-matched for 

experiments, and housed five per cage under an ambient temperature with a 12 hours 

light/12 hours dark cycle. Mice were intranasally challenged with PBS or 102 or 103 PFU 

of pH1N1 A/California/04/2009 viruses and sacrificed at day 7 or 9 post-infection. 

 

Viruses 

pH1N1 A/California/04/2009 and Venus reporter expressing A/California/04/2009 

viruses were a kind gift from Dr. Morrison (Department of Microbiology, University of 

California, Riverside). Virus stocks were propagated in specific-pathogen-free eggs 

(Charles River Laboratories) and titrated by plaque assays on MDCK cells. 

 

Cytokine quantification 

For sandwich ELISA, capture and biotinylated detection antibodies were used according 

to previously described protocols: RELMα (eBioscience, San Diego, CA) [24].  



 90 

Immunofluorescence staining 

The right lobe of mouse lung was inflated with 400μl of 2 parts of OCT and 1 part of 4% 

PFA and 30% sucrose PBS solution and stored overnight in 4% PFA and 30% sucrose in 

PBS solution at 4°C. After 24 hours, tissue was removed from the solution and incubated 

for 24 hours in 30% sucrose. Lungs were blocked in OCT, sectioned at 10µm, and 

stained by H&E. For immunofluorescent staining, sections were incubated with rabbit 

anti-RELMα (Peprotech, Rock Hill, NJ), APC-conjugated Rat anti-RELMα 

(eBioscience), rabbit anti-NS1 (Invitrogen, Waltham, MA), and Griffonia Simplicifolia 

Lectin I (GSL I) (Vector Laboratories, Newark, CA) overnight at 4°C. Sections were 

incubated with anti-Rabbit fluorochrome-conjugated antibody for 2 hours at RT then 

counterstained with DAPI. NS1 distribution was scored based on expression and location 

of NS1 in the lung (0: Nothing, 1: a few NS1 in airway epithelium, 2: several in airway 

epithelium, 3: a lot in airway epithelium, 4: several in airway epithelium and 

parenchyma, 5: a lot in airway epithelium and parenchyma).  

 

Plaque assay  

The left lobe of the mouse lung was homogenized in 3% FBS, and 1mM EDTA in 1ml 

PBS. MDCK cells were seeded in 6-well culture plates and incubated at 37°C in 5% CO2 

for 24 hours. 10-fold serial dilutions of lung homogenates were prepared in a solution 

containing 1x PBS, 0.21% BSA, 1% Pen/Strep, and 1% Ca/Mg. Cells were washed once 

with PBS before adding 200 ml of the serial dilutions. Plates were incubated at 37°C and 

were rocked side-to-side and forward-to-back every 15 minutes to distribute virus 
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inoculum over the monolayer of cells for 1 hour. TPCK-treated (1 mg/ml) was added at a 

1:1000 ratio to a supplemented 2X DMEM (2X DMEM, 2% Pen/Strep, 0.42% BSA, 20 

mM HEPES, 0.24% NaHCO3, 0.02% DEAE-Dextran) before mixing with 1.5% Oxoid 

Agar at a 1:1 ratio. 2 ml of the agar overlay was added to each well and allowed to cool 

for 15 min at room temperature before transferring to the 37°C incubator. Plates were 

incubated for 96 hours. After incubation, plates were fixed with 1 ml of a 3.7% 

formaldehyde solution and incubated for 10 minutes to neutralize infectious virus. 

Overlay was flicked out with a spatula and stained for 20 min with crystal violet (0.095% 

crystal violet, 2.8% ethanol, 19% methanol). Plates were rinsed in tap water and plaques 

were counted to determine viral titers. 

 

MLE-12  

MLE-12 cells were cultured in HITES Media (DMEM/F-12 with HEPES, 1X Insulin-

Transferrin-Selenium, 2% FBS, 100U/ml Penicillin-Streptomycin, 2mM L-glutamine 

(Gibco, Waltham, MA), 10 nM Hydrocortisone, 10nM β-estradiol (Sigma-Aldrich, St. 

Louis, MO) at 37°C in 5% CO2. MLE-12 cells were infected with 0.01 MOI of Venus 

reporter expressing pH1N1 A/California/04/2009 viruses. At indicated time points, the 

supernatant was removed, and cells were stained with Hoechst 33342 (ThermoFisher, 

Waltham, MA), followed by imaging with BZ-X00 (Keyence, Osaka, Japan). Venus-

positive cells were counted by QuPath 0.2.3 [25]. After imaging, cells were harvested 

with supernatant and used for plaque assay.  
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Pleural macrophage and lung epithelial cell isolation 

 Pleural cells were collected by washing the pleural cavity with 500μl of ice-cold 

PBS two times. Half of the mouse lung was perfused with 10ml of ice-cold PBS and 

instilled with 800μl of 1U/ml Dispase (STEMCELL, Vancouver, Canada) and 100μl of 

1% low melting point agarose (ThermoFisher). Lungs were incubated on ice for 2 

minutes and incubated in 5ml of HBSS solution (Lonza, Bend, OR) at room temperature 

for 45 minutes. Lungs were minced with a scalpel in 5ml of DMEM containing 25mM 

HEPES (Corning, Tewksbury, MA), 1X Penicillin-Streptomycin (Gibco), and 

antimycotic solution (ThermoFisher) and passed through 70μm and 40μm nylon filters. 

Filtered cells were spun down at 340g for 7 minutes and incubated with 3ml of ACK lysis 

buffer (Gibco) to get lung single cell suspension. Pleural cells were incubated with 

biotinylated anti-MERTK antibody (BAF591, R&D system, Minneapolis, MN) and lung 

single cell suspension was CD325 microbeads (Miltenyi Biotec, Gaithersburg, MD). 

Cells were sorted with MS or LS columns (Miltenyi Biotec) with the manufacturer’s 

instructions. 

 

RNA isolation and qRT-PCR 

RNA was isolated with RNeasy mini kit (Qiagen, Germantown, MD) and qRT-PCR was 

run with GoTaq® qPCR and RT-qPCR Systems (Promega, Madison, WI) with the 

manufacturer’s instructions. Epcam Forward: CGT GAG GAC CTA CTG GAT CAT, 

Epcam Reverse: GTC CAC GTC GTC TTG TGT TTT, Retnla Forward: CAA GGA 

ACT TCT TGC CAA TCC AG, Retnla Reverse: CCA AGA TCC ACA GGC AAA GCC 



 93 

A, HA Forward: GGA CAT GCT GCC GTT ACA C, HA Reverse: AGC TCA GTG 

TCA TCA TTT GAA AGG T 

 

Statistical analysis 

Data are presented as mean ± SEM and statistical analysis was performed by GraphPad 

Prism 9 software. Data was assessed by one-way ANOVA followed by post-hoc Tukey’s 

test for multiple comparison, or the unpaired t-test for 2-group comparisons. For data 

collected over several timepoints, two-way ANOVA with post-Sidak multiple test was 

performed. *, p≤0.05; **, p≤0.01; ***, p≤0.001, ****, p≤0.001. Pearson coefficients 

between two variables were computed by GraphPad Prism 9 software. Experiments were 

repeated 2-3 times with n=3-5 per group for each experiment. 

 

ETHICS STATEMENT 

All protocols for animal use and euthanasia were approved by the University of California 

Riverside Institutional Animal Care and Use Committee 

(https://or.ucr.edu/ori/committees/iacuc.aspx; protocol A-20180023 and 20210017) and 

were in accordance with National Institutes of Health guidelines. Animal studies are in 

accordance with the provisions established by the Animal Welfare Act and the Public 

Health Services (PHS) Policy on the Humane Care and Use of Laboratory Animals. 
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Results 

IAV infection upregulates RELMα expression in the bronchial epithelium and epithelial 

cells. 

 RELMα induction and its function have been demonstrated in both bacteria and 

helminth infections [20, 21, 23, 26], but they have not been studied in viral infections. 

RELMα was first discovered in the pulmonary vasculature, bronchial epithelial cells, and 

type 2 pneumocytes under hypoxic conditions [18], but the following study also showed 

that RELMα is strongly expressed by alternatively activated macrophages [27]. Retnla+/+ 

(WT) and RetnlatdT/tdT (KO) mice were intranasally infected with A/California/04/2009 

(H1N1) strain and sacrificed at day 7 or 9 post-infection. Mice begin to recover lung 

inflammation and damage at day 7, and RELMα induced these processes in helminth 

infections [20, 21]. Thus, we hypothesized that RELMα affects immune response and 

tissue repair in the lung after IAV infection. Serum and bronchoalveolar lavage fluid 

(BALF) were collected from naive and infected mice at day 7 and 9 post-infection to check 

the systemic and site-specific RELMα upregulation by IAV infection. RELMα was not 

systemically induced by IAV infection showing a slight difference in the RELMα level 

between WT naive and infected mice (Figure 11A). However, IAV infection increased 

RELMα expression in the BALF both at day 7 and 9 post-infection, indicating that RELMα 

is mainly expressed in the bronchial epithelium (Figure 11B). To confirm if RELMα 

upregulation by IAV infection is specific for the bronchial epithelium, RELMα and 

macrophage maker, Griffonia Simplicifolia Lectin (GSL), were imaged in the lung of WT 

infected mice by immunofluorescence staining (Figure 11C). RELMα expression was 
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concentrated and lined with airway epithelium, but GSL was spotted in the parenchyma of 

the lung, indicating that IAV infection induces bronchial epithelium-specific RELMα 

expression rather than immune cells.    
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Fiugre 11. IAV infection upregulates RELMα expression in the bronchial 

epithelium and epithelial cells. Retnla+/+ (WT) and RetnlatdT/tdT (KO) mice were 

intranasally injected with PBS (Naive) 102 PFU of IAV (Infected), followed by sacrifice 

at day 7 and 9. (A and B) RELMα in the serum and BALF at 7 and 9 days post-infection 

was quantified by ELISA. (C) Lung sections of WT-infected mice at day 9 post-infection 

was stained with anti-RELMα antibody, GSL, and counterstained with DAPI. The image 

was obtained by the immunofluorescent microscope. (Scale bar=50μm) Data from 2 

independent experiments (day 9) and 1 experiment (day 7) were presented as mean ± 

SEM (n = 3-5 per group). 
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RELMα is colocalized with viral protein NS1 and positively correlated with IVA burden 

in the lung. 

 Airway and alveolar epithelial cells produce sialic acid glycan as receptors, which 

are the primary target of infection [2, 28, 29].  Since RELMα was upregulated by IAV 

infection in the bronchial epithelium, RELMα may affect lung epithelial cells and the 

IAV infections of these cells. NS1 is a viral non-structural protein that has an important 

immunomodulatory function such as inhibiting interferon production by host cells [30]. 

RELMα and NS1 were stained in the lungs of WT and KO infected mice to validate if 

RELMα changes IAV infections and distributions. NS1 was mainly detected and 

colocalized with RELMα in the bronchial epithelium (Figure 12A), suggesting that IAV 

infection induces RELMα expression in the bronchial epithelium or RELMα expressing 

cells are more susceptible to IAV infection. Interestingly, while NS1 was highly 

expressed in the airway epithelium and even parenchyma of WT infected lungs, there 

were less NS1 expression and distribution in KO infected lungs (Figure 12B). 

Distribution of NS1 in WT and KO infected lungs was scored, and WT infected mice had 

significantly higher NS1 distribution score compared to KO infected mice, indicating that 

RELMα accelerated IAV propagation and spreading in the lung (Figure 12C). This data 

led us to quantify actual IAV burden in WT and KO infected lungs, and plaque assay can 

measure live viruses in the lung. Plaque assays were done with WT and KO infected lung 

homogenates at day 7 and 9, and the viral burden was significantly lower in KO lungs 

than in WT lungs at day 7 post-infection (Figure 12D). More strikingly, live viruses were 

not detectable in KO lungs at day 9 whereas there was still live virus in WT-infected 
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lungs (Figure 12E). To determine if viral burden is statistically correlated with RELMα 

level in the bronchial epithelium at day 7 and 9 post-infection, Pearson coefficients were 

calculated between two variables (Figure 12F). R-value was 0.47, and p-value was 0.03, 

indicating that the RELMα level in the BALF is positively correlated with the IAV 

burden in the lung.       
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Figure 12. RELMα is colocalized with viral protein NS1 and positively correlated 

with IAV burden in the lung. Retnla+/+ (WT) and RetnlatdT/tdT (KO) mice were 

intranasally injected with PBS (naïve) 102 PFU of IAV (Infected), followed by sacrifice 

at day 7 and 9. (A) The lung section of WT-infected mice at day 7 post-infection was 

stained with anti-RELMα and NS1 antibody, and counterstained with DAPI. The image 

was obtained by the immunofluorescent microscope. (Scale bar=50μm) (B and C) Lung 

sections from WT and KO infected mice at day 7 post-infection were stained with anti-

NS1 antibody, and NS1 distribution was scored. (Scale bar=50μm) (D and E) Viral 

burden in the lung was measured by plaque assay. (F) The correlation between RELMα 

in the BALF and lung viral burden at day 7 and 9 post-infection was calculated by 

Pearson correlation coefficients. Data from 2 independent experiments (day 9) and 1 

experiment (day 7) were presented as mean ± SEM (n = 3-5 per group). 
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RELMα induces IAV infection of mouse lung epithelial cells in vitro and in vivo. 

 The lung is made up of very complex structures with various structural and 

resident immune cells. Influenza infection will recruit countless immune cells into the 

lungs, which can also be affected by RELMα. To see if RELMα affects the immune 

response to IAV, immune cell composition and cytokine level in the BALF was analyzed 

by flow cytometry and cytometric bead array. However, there was no significant 

difference in immune cell populations and cytokine levels between WT and KO (data are 

not shown). Therefore, we hypothesized that RELMα directly affects lung epithelial cells 

and induces infection with IAV. MLE-12 cell is a mouse type 2 alveolar epithelial cell 

line, which is one of the primary targets of IAV infection. MLE-12 cells were pretreated 

with a low and high concentration of RELMα followed by infection with Venus 

expressing IAV at 0.01 MOI to visualize infected cells. After infection, RELMα was 

added back to cells, and cells were visualized and collected at 48 and 72 hours post-

infection. When MLE-12 cells were treated with a low concentration of RELMα 

(100ng/ml), there was no induction of infection of cells with IAV, but high 

concentrations of RELMα (1000ng/ml) induced IAV infection in MLE-12 cells (Figure 

13A and B). In addition, live virus burden in a mixture of supernatant and cell lysate was 

measured by plaque assay. In contrast to Venus-positive cell images and counting, a low 

concentration of RELMα also increased IAV in the supernatant and cell lysate mixture 

both at 48 and 72 hours post-infection, and a high concentration of RELMα still increased 

IAV in the mixture at 72 hours post-infection, suggesting that RELMα increase infection 

and release of IAV in epithelial cells in vitro (Figure 13C).  
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 Next, lung epithelial cells were isolated with magnetic activated cell sorting 

(MACS) to determine whether the higher level of IAV in the lungs was attributed to lung 

epithelial cells and whether the effect on promoting IAV infection in lung epithelial cells 

is the same even in actual inflammatory environments. The purity of isolated lung 

epithelial cells was confirmed by cytospin followed by staining surface markers of lung 

epithelial cells and macrophages, and the expression of markers was compared with 

pleural macrophages. In lung epithelial cells, MERTK, a macrophage marker, expression 

was lower compared to macrophages, but there was higher expression of cytoskeletal 

protein β-Actin and epithelial cell marker EPCAM, (Figure 13D). Quantitative real-time 

PCR result (qRT-PCR) of Epcam showed that Epcam expression was significantly higher 

in sorted lung epithelial cells than in pleural macrophages, indicating high purity of lung 

epithelial cells (Figure 13E). RELMα gene expression was robustly induced in WT 

infected mice compared to naive mice, validating dominant RELMα protein expression in 

the bronchial epithelium (Figure 13F). Lastly, viral HA gene expression was significantly 

higher in WT infected mice, demonstrating that RELMα facilitates infection of lung 

epithelial cells with IAV in vivo (Figure 13G).  
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Figure 13. RELMα induces IAV infection of mouse lung epithelial cells in vitro and 

in vivo. MLE-12 cells were pre-treated with PBS or RELMα, followed by infection with 

reporter IAV expressing Venus fluorescent protein at 0.01 MOI. Retnla+/+ (WT) and 

RetnlatdT/tdT (KO) mice were intranasally injected with PBS (Naive) 103PFU of IAV 

(Infected), followed by sacrifice at day 7. Pleural macrophages and lung epithelial cells 

were isolated by magnetic-activated cell sorting. (A) MLE-12 cells were counterstained 

with Hoechst 33342 and Venus-expressing cells were imaged at 48 hours post-infection 

by the fluorescent microscope. (B) Venus-positive cells were counted more than 10 fields 

of 10X images. (C) Cell lysates were collected at 48 and 72 hours post-infection, and 

viral burden in the lysates were quantified by plaque assay. (D) Pleural macrophages and 

lung epithelial cells were spun down with the cytospin centrifuge and stained with anti-

MERTK, RELMα, and EPCAM antibodies, followed by counterstaining with DAPI. 

Then, cells were imaged by the fluorescent microscope (Scale bar=10μm) (E-G) RNA 

was extracted from sorted pleural macrophages and lung epithelial cells, and Epcam 

expression in both cell types, Retnla, and HA expression in epithelial cell were quantified 

by qRT-PCR. Representative data from 3 independent experiments was presented as in 

Fig A-C mean ± SEM (n = 3 per group). Data from 1 experiment was presented in Fig D-

G as mean ± SEM (n = 3-4 per group). 
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DISCUSSION 

 RELMα is a pleiotropic protein, which is expressed by diverse cell types such as 

epithelial cells and immune cells and upregulated by different stimulus [31]. RELMα 

induced by various cells and stimulation has different functions in a context-dependent 

manner. In this study, we showed for the first time that RELMα was induced by IAV 

infection and the novel pathogenic function of RELMα in viral infections. RELMα 

expression in epithelial cells is mostly IL-4rα-dependent, but it was also shown in the 

absence of type 2 inflammation [23, 32]. In the latter case, the mechanism by which 

RELMα is upregulated has not been fully understood yet. A previous study showed that 

Oncostatin M, one of the gp130 cytokines, elevated the expression of RELMα in airway 

epithelial cells. Interestingly, OSM was upregulated by H3N2 IAV infection in human 

the nasal epithelium, suggesting that RELMα upregulation by IAV infection in lung 

epithelial cells may be mediated by OSM through the gp130 receptor pathway. Gp130 

cytokines are also referred to the IL-6 family of cytokines, which include Interleukin-6 

(IL-6), Interleukin-11 (IL-11), Interleukin-27 (IL-27), leukemia inhibitory factor (LIF), 

oncostatin M (OSM), ciliary neurotrophic factor (CNTF), cardiotrophin-1 (CT-1), novel 

neurotrophin-1/B cell stimulating factor-3 or cardiotrophin-like cytokine (CLC), and 

neuropoietin (NP) [33, 34]. Although it was not as much as OSM, IL-6 also increased the 

expression of RELMα in airway epithelial cells [19]. IL-6 expression was promoted with 

suppressor of cytokine signaling-3 (SOCS3) by IAV infection, which inhibits IL-6-

associated signal transducer and activator of transcription 3 (STAT3) [35]. In SOCS3-

deficient mice, acute lung damage, mortality, and viral load were decreased after IAV 
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infection, indicating that IAV simultaneously induces SOCS3 with IL-6 to downregulate 

IL-6/STAT3-mediated immune responses. In another study, IL-6 was shown to 

downregulates acute lung injury following IAV infection by inhibiting proliferation, 

migration, and survival of lung fibroblasts as well as decreasing apoptosis of lung 

epithelial cells [36]. Thus, regulation of RELMα and IAV infection by gp130 cytokines 

through its receptor should be further studied in the future. 

 When RELMα is expressed in the Th2 immune environment in the lung, it 

downregulates inflammation and accelerates the repair of damaged tissue [20-22]. 

However, RELMα-derived from lung epithelial cells expedited infection of adjacent 

epithelial cells with IAV without the intervention of other cells. RELMα not only induces 

IAV infection but also delayed clearance of viruses directly in lung epithelial cells in 

vitro and in vivo. Since IAV enters host cells through interaction with sialic acid through 

HA, it will be worthwhile to investigate if RELMα regulates sialic acid level on the cell 

surface. Many studies showed that RELMα activates phosphatidylinositol 3-kinase 

(PI3K)/AKT and ERK pathway [18, 37]. Hypoxia-induced RELMα expression, which 

increased the number of Sca1+/CD45- progenitor cells in the lung [37]. RELM activated 

proliferation of mesenchymal stem cells through PI3K/Akt and Erk pathway. In addition, 

RELMα inhibited apoptosis of mouse lung fibroblast induced by TNFα and 

cycloheximide (CHX) [38]. RELMα treated with TNFα/CHX elevated phosphorylation 

of AKT in mouse lune fibroblast, which is required for inhibition of apoptosis. Thus, 

RELMα is probably upregulated by IAV infection to limit host tissue damage and 

facilitate tissue repair caused by inflammation through PI3K/Akt pathway. However, the 
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bivalent role of PI3K in influenza virus infection and host cell defense was identified in 

another study [39]. IAV infection also induces the PI3K-Akt signaling pathway and it 

was required for activation of the anti-viral genes by IRF3 [39]. Interestingly, IAV titers 

were significantly reduced when PI3K was inhibited by wortmannin, increasing the 

accumulation of viruses on the surface of cells not in the endosome, indicating that PI3K 

activation induces virus uptake. This proves that viruses exploit host anti-viral 

components to facilitate their survival. Therefore, the effect of synergistic PI3K/Akt 

pathway activation by RELMα and IAV infection on IAV host cell entry should be 

further investigated.           
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Abstract 

Many helminth life cycles, including hookworm, involve a mandatory lung 

phase, where myeloid and granulocyte subsets interact with the helminth 

and respond to infection-induced lung injury. To evaluate these innate 

subsets in Nippostrongylus brasiliensis infection, reporter mice for myeloid 

cells (CX3CR1GFP) and granulocytes (PGRPdsRED) are employed. Nippostrongylus 

infection induces lung infiltration of reporter cells, including CX3CR1+ 

myeloid cells and PGRP+ eosinophils. Strikingly, CX3CR1GFP/GFP mice, which 

are deficient in CX3CR1, are protected from Nippostrongylus infection with 

reduced weight loss, lung leukocyte infiltration, and worm burden compared 

to CX3CR1+/+ mice. This protective effect is specific for CX3CR1 as CCR2-deficient 

mice do not exhibit reduced worm burdens. Nippostrongylus co-culture 

with lung Ly6C+ monocytes or CD11c+ cells demonstrates that CX3CR1GFP/GFP 

monocytes secrete more pro-inflammatory cytokines and actively bind the 

parasites causing reduced motility. RNA sequencing of Ly6C+ or CD11c+ 

cells shows Nippostrongylus-induced gene expression changes, particularly 

in monocytes, associated with inflammation, chemotaxis, and extracellular 

matrix remodeling pathways. Analysis reveals cytotoxic and adhesion molecules 

as potential effectors against the parasite, such as Gzma and Gzmb, 

which are elevated in CX3CR1GFP/GFP monocytes. These studies validate a 

dual innate cell reporter for lung helminth infection and demonstrate that 

CX3CR1 impairs monocyte–helminth interaction. 
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Introduction 

 Soil-transmitted helminths afflict over one billion individuals worldwide, where 

they can cause debilitating symptoms, including growth retardation, organ pathology and 

failure [1]. Given the development of anthelminthic drug resistance [2, 3], and the 

occurrence of re-infection after drug treatment [4, 5], understanding how to trigger 

protective immune effector responses offers valuable therapeutic insight to promote 

helminth elimination by the host. Helminths are macroparasites with complex life cycles 

that frequently involve tissue migration through many organs, leading to tissue pathology 

and inflammation [6]. Immune effector responses at these sites of incoming larval 

parasites are especially critical in preventing long-term infections. In particular, the lung 

is a main infection site for many helminths, including hookworms Necator americanus 

and Ancylostoma duodenale, where the infectious larvae migrate through the lung as an 

essential developmental step before reaching the small intestine [7].  

While clinical symptoms of pulmonary helminth infection in humans have been 

reported, including coughing, wheezing, and potentially respiratory failure, investigation 

of the immune-mediated mechanisms within the lung against the helminth are less well 

understood, and rely on in vivo models such as murine helminth infection. One such 

murine model is infection with Nippostrongylus brasiliensis, a natural helminth parasite 

of rodents, which has a transient migratory phase through the lung prior to reaching the 

small intestine, mimicking pulmonary hookworm infection [8]. Previous studies have 

shown that pulmonary immune responses, including neutrophils and macrophages, are 

critical against Nippostrongylus [9, 10]. These studies utilized secondary challenge with 



 115 

Nippostrongylus to show that CD4+ derived T helper type 2 cytokines and neutrophils 

promoted lung macrophage interaction and killing of Nippostrongylus larval parasites. 

The importance of other innate cells such as eosinophils have also been investigated, 

showing modest effects of eosinophils in promoting secondary effector responses to 

Nippostrongylus [11-13]. Eosinophil-dependent resistance was not required for resistance 

to the primary infection but was necessary for resistance to the secondary infection, 

which involves immobilizing worms and inhibiting their progression to the gut. These 

studies highlight the importance of innate effector cells in the lung, and prompted our 

study to investigate innate cells in Nippostrongylus infection. We focused on lung 

monocytes, which have been less well studied in lung helminth infection, although they 

are recruited and have important antimicrobial functions to a variety of other lung 

pathogens, and also can differentiate into dendritic cells and macrophages [14-16]. To 

this end, we investigated the CX3CR1 signaling pathway in influencing lung cell 

infiltration and activation in response to Nippostronglyus infection. 

CX3CR1 is a G-protein coupled receptor that binds the chemokine 

CX3CL1/fractalkine. CX3CR1 is expressed on monocytes, where it is critical for 

effective monocyte adhesion and transmigration through the endothelium into the tissues. 

Within the tissue, and dependent on the inflammatory environment, CX3CR1-expressing 

monocytes differentiate into dendritic cells and macrophages, with essential protective 

functions against many pathogens, including bacteria and viruses [17, 18]. CX3CR1 

signaling also occurs in response to injury and fibrosis. In murine models of spinal cord 

injury and stroke, CX3CR1-deficient mice have ameliorated neural outcomes associated 
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with a reparative phenotype in CX3CR1-expressing microglia and macrophages [19, 20]. 

In pulmonary and peritoneal fibrosis models, CX3CR1 signaling is also detrimental, 

exacerbating fibrosis. Further, in infection with Schistosoma japonicum, acute hepatic 

granuloma formation and liver pathology is increased by CX3CR1 signaling, with little 

effect on parasite burdens.[21] Together, these studies suggest that CX3CR1 signaling is 

important for optimal effector responses to multiple pathogens, but needs to be tightly 

regulated to reduce inflammatory outcomes and tissue pathology. However, CX3CR1 

signaling in pulmonary helminth infection has not previously been examined. We utilized 

CX3CR1-GFP knockout/knock-in transgenic mice to determine the kinetics of CX3CR1-

expressing cells in the lung and investigate their role in infection with Nippostrongylus 

brasiliensis. To evaluate granulocyte lung subsets at the same time, we generated dual 

reporters by crossing CX3CR1GFP mice to reporter mice for PGRP-S, a peptidoglycan 

recognition protein identified in neutrophil granules.[22] Following Nippostrongylus 

infection, we observed CX3CR1GFP and PGRPdsRed cells in the lung and small intestine of 

infected mice. Flow cytometric characterization showed that these subsets were 

significantly increased at day 7 post-infection in the lung but not peripherally in the 

blood. The CX3CR1GFP subsets were composed mainly of Ly6C+ monocytes and CD11c+ 

DCs, while the main PGRPdsRed cells in the lung were eosinophils, identifying PGRPdsRed 

mice as useful reporters to visualize and track eosinophils. Comparison of CX3CR1+/+ 

and CX3CR1GFP/GFP mice revealed that CX3CR1-deficient mice were more protected 

against Nippostrongylus infection, associated with reduced infection-induced weight loss, 

lung leukocyte infiltration, and intestinal parasite burdens. In contrast, CCR2 deficiency 
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did not show striking effects in Nippostrongylus infection. Nippostrongylus larval 

parasite co-culture with CD11c+ or Ly6C+ sorted from the infected lungs identified 

Ly6C+ monocytes as the functional downstream effectors in CXCR1-deficient mice, with 

increased expression of proinflammatory cytokines, and enhanced binding to the parasite, 

leading to reduced worm motility. RNA-seq analysis was performed on Ly6C+ 

monocytes and CD11c+ cells sorted from the infected lungs of CX3CR1GFP/+ and 

CX3CR1GFP/GFP mice. The most differentially expressed genes was observed in Ly6C+ 

monocytes in response to infection, and the CX3CR1-deficient Ly6C+ monocytes 

demonstrated increased cytotoxic molecules and enhanced chemokines compared to 

CX3CR1GFP/+ monocytes. In contrast, CD11c+ CX3CR1-expressing cells represented a 

heterogeneous macrophage/dendritic population with some infection-induced changes in 

gene expression but no significant gene expression changes between CX3CR1GFP/+ and 

CX3CR1GFP/GFP CD11c+ cells. Together, these studies validate a dual reporter for 

myeloid and granulocyte subsets in Nippostrongylus infection, and identify a previously 

unrecognized role for CX3CR1 signaling in promoting infection-induced weight loss and 

leukocyte infiltration and impairing optimal effector responses to Nippostrongylus, in 

part through effects on monocytes. 
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Materials and Methods 

Animals  

The following studies were performed using eight to ten weeks old mice. 

CX3CR1GFP/PGRP-SdsRed double transgenic mice were generated as previously described 

[23], and maintained in vivaria at the University of California Riverside (UCR). Briefly, 

GFP-expressing Cx3cr1tm1Litt mice from Jackson Laboratory (Bar Harbor, ME) were 

crossed with PGRP-S dsRed transgenic mice. Colonies of wild-type C57BL/6 and RFP-

expressing transgenic Ccr2tm2.1Ifc mice were obtained from Jackson Laboratory and 

maintained in UCR vivaria. CX3CR1GFP/CCR2RFP mice were generated by crossing 

Cx3cr1tm1Litt mice and Ccr2tm2.1Ifc mice, originally obtained from Jackson Laboratory. All 

animal procedures were approved by the UCR Institutional Animal Care and Use 

Committee https://or.ucr.edu/ori/committees/iacuc.aspx; protocol A-20180023. 

 

Nippostrongylus brasiliensis (Nb) culture, infection, and ATP assay 

Nb life cycle was maintained in Sprague-Dawley rats obtained from Harlan Laboratories 

(Indianapolis, IN). L3 stage infective Nb larvae were extracted from feces of previously 

infected rats. Mice were subject to subcutaneous injection of 500 L3 Nb or PBS for naïve 

groups. Mice were euthanized and tissue was harvested at days 3, 4, 7, 10, and 29 post-

infection. Nb eggs in feces of infected mice were quantified using a McMaster chamber 

between days 6-10 after infection. To enumerate and extract L5 stage Nb, small intestines 

of infected mice were cut longitudinally and incubated in PBS for ≥ 2 hours at 37°C. 

Following extraction from the small intestine Nb were washed 3 times, then homogenized 
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in PBS. ATP levels were quantified in Nb homogenates using CellTiter-Glo Luminescent 

Cell Viability Assay (Promega; Madison, WI), according to the manufacturer’s 

instructions. 

 

Immunofluorescence 

Lungs were inflated through the trachea with a solution containing ⅓ 1% PFA/30% sucrose 

and ⅔ optimal cutting temperature (OCT) compound (Sakura Finetek USA; Torrance, CA), 

then placed in 4% PFA/30% sucrose for 2 hours at room temperature. Following fixation, 

lung tissue was embedded into OCT and sectioned at 10μm. Lung sections were treated 

overnight with StartingBlock Blocking Buffer (ThermoFisher Scientific; Waltham, MA). 

Endogenous GFP and DsRed were visualized in mounting medium with DAPI 

(VECTASHIELD; Burlingame, CA) using a 20x objective on an epifluorescent 

microscope. 

 

Flow cytometry analysis and cell sorting 

Lung tissue was minced, then incubated with 30μg/mL DNAse I (Sigma-Aldrich; St Louis, 

MO) and 1mg/mL Collagenase/Dispase (Roche Diagnostics; Indianapolis, IN) for 30 

minutes in a 37°C shaking incubator. Single-cell suspensions were obtained by passing 

digested tissue over a 70μm cell strainer. Whole blood was collected from the mesenteric 

vein and mixed with 4% Sodium citrate. Leukocytes were separated from whole blood 

using Histopaque 1077 (Sigma-Aldrich). Cells were blocked with 25μg/mL of Rat IgG and 

anti-CD16/32 (clone 2.4G2; BD Biosciences; San Jose, CA), then stained for flow 
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cytometry analysis with CD11b (M1/70), CD11c (N418), F4/80 (BM8), Ly6C (HK1.4), 

MHC II (AF6-120.1), NK1.1 (PK136) from eBioscience (San Diego, CA); CD206 

(MR5D3) from Bio-Rad (Hercules, CA); biotinylated Siglec F from R&D Systems 

(Minneapolis, MN); and CD3 (145-2C11), CD4 (RM4-5), Ly6G (IA8) from BD 

Biosciences (San Jose, CA). For flow cytometry cell sorting, cells were blocked as above 

and stained with CD11c and Ly6C. Data for analysis were collected using an LSRII 

(Becton Dickinson; Franklin Lakes, New Jersey); sorted cells were collected using 

FACSAria (Becton Dickinson), with over 90% purity of the post-sorted cells. Data were 

analyzed using FlowJo v10.7.1 (Tree Star, Ashland, OR). 

 

RNA Sequencing Bioinformatics Analysis 

Flow cytometry-sorted cells were collected in RLT buffer (Qiagen; Hilden, Germany), and 

RNA was extracted and DNAse-treated using RNeasy Mini Kit (Qiagen) according to the 

manufacturer’s protocol. cDNA libraries were synthesized using Clontech SMARTer 

Stranded RNA-Seq kit (Mountain View, CA) with multiplexing primers. Quality of RNA 

and cDNA libraries were analyzed using 2100 BioAnalyzer (Agilent Technologies; Santa 

Clara, CA), then samples were sequenced with Illumina HiSeq2500 (San Diego, CA). 

Quality reports of RNA-Seq reads were generated using FASTQC (version 0.11.5), and 

reads were trimmed using TrimGalore (version 0.4.1) 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) ensuring a minimum 

Phred Quality Score of at least 20, read lengths of at least 50 base pairs and removing any 

remaining adapters. The trimmed reads were then aligned to Mus musculus genome 

http://www/
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(GRCm38) from Ensembl using splice aware short read aligner Bowtie2/TopHat in a 

strand-specific manner [24, 25].  Gene level counts were summarized based on Ensembl 

gene annotations (GRCm38.84) using GenomicRanges package in R [26], counting reads 

that align to exonic regions only. Raw gene expression data have been submitted to NCBI 

GEO (SRA Project PRJNA744529). Differential gene expression (DEG) analysis was 

performed using edgeR package in R [27]. Briefly, genes with 0 counts in more than 50% 

of samples analyzed (lowly expressed genes) were excluded from differential testing. Data 

were normalized using TMM (Trimmed Mean of Means) normalization to account for 

compositional differences in libraries. Overall dispersion and differential metrics were 

computed using negative binomial GLM (Generalized Linear Models) functions in edgeR. 

DEGs were defined as those with fold change ≥ 1 and a false discovery rate (FDR) of ≤ 

5%. Heatmaps were generated after normalizing raw counts using the RPKM (Reads Per 

Kilobase per Million Mapped Reads) method [28]. Functional enrichment of these DEGs 

was completed using DAVID Functional Annotation Tools to identify over-representative 

gene ontologies (GO) and KEGG pathways of interest (FDR ≤ 5%) [29]. 

 

In vitro Nb motility and cellular adherence, and cytokine quantification 

Ly6C+ and CD11c+ cells from Nb-infected lungs of CX3CR1+/+ and CX3CR1GFP/GFP were 

enriched with magnetic assisted cell sorting (MACs) using biotinylated Ly6C (HK1.4; 

Abcam) and Streptavidin microbeads, or CD11c microbeads (Miltenyi Biotech; San Diego, 

CA), which resulted in ~70% purity. 0.25x106 cells were plated in 48 well plates with 25 

L3 stage Nb in the presence of 1:50 serum from the day 7 infected corresponding mouse 
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group (WT serum for WT cells and KO serum for KO cells) according to previously 

reported methodologies [30]. Cells and Nb larvae were co-cultured for 4 days at 37°C. Nb 

motility was assessed as previously described,[31] and cellular adherence was quantified by 

counting numbers of cells attached to each worm (n=6 per group, 3 replicate wells). Culture 

supernatants were collected for cytokine quantification by cytokine bead array, 

inflammation panel (Thermoscientific). 

 

Statistical Analysis 

Values are reported as means ± standard error of the mean (SEM). Multiple experiments 

were performed and combined for final data analysis, and data were analyzed by the 

unpaired t-test for 2-group comparison or one-way ANOVA for multiple groups 

comparison followed by post-Tukey or Dunnett’s multiple comparison test where 

appropriate using Graphpad Prism 9 (Graphpad Software, La Jolla, CA). For data collected 

over several time points, two-way ANOVA with post-Tukey or Sidak’s multiple 

comparison test was performed. Comparisons with P values less than 0.05 were considered 

statistically significant. 
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Results 

Dynamic changes in CX3CR1-expressing myeloid cells and PGRP-expressing 

eosinophils in the helminth-infected lung. 

The transgenic reporter GFP knock-in/knock out CX3CR1 (Cx3cr1) mouse offers 

the opportunity to track myeloid cells and investigate the function of CX3CR1 

signaling,[32] while the dsRedPGRP-S (Pglyrp1) mice, in which the dsRed transgene, 

under the control of the Pglyrp1 promoter, is integrated into the genome, are reporters for 

a peptidoglycan recognition protein present in neutrophil granules [22, 23]. We generated 

dual reporter transgenic mice, CX3CR1GFP/+PGRPdsRed to determine their utility in 

tracking innate cells in helminth infection. Immunofluorescent imaging of lung and small 

intestine cryosections demonstrated strong GFP and dsRed signal in cells within the lung 

parenchyma and lamina propria of the small intestine (Figure 14A). Comparison of 

cryosections from naive or day 7 post-Nippostrongylus infection, when the adult parasites 

are present in the small intestine [33], revealed infection-induced infiltration of reporter 

cells. This was particularly evident in the lung, reflecting the inflammatory response to 

the transient migration (day 2-3 post-infection) of the helminth parasites, which is evident 

even after the parasite has left the lung (day 3-4 post-infection). CX3CR1-positive cells 

were increased in the infected lungs but not the intestine, while PGRP-positive cells were 

increased in the lung and to a lesser extent in the small intestine. Given that these innate 

reporter cell subsets had not previously been investigated in pulmonary helminth 

infection, we utilized flow cytometry to characterize these subsets in the lung and 

determine their kinetics over the course of helminth infection. Flow cytometric analysis 
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of single-cell suspensions from naive or infected CX3CR1GFP/+PGRPdsRed mice showed 

distinct single and double GFP/dsRed positive cells following infection (Figure 14B). 

Further gating and overlay with reporter negative wild-type (WT) mice revealed that the 

double-positive cells were in fact artifacts consisting of autofluorescent alveolar 

macrophages (Figure 14B and Figure 16A-C). This is consistent with prior studies 

showing that alveolar macrophages do not express CX3CR1 [32], therefore we gated out 

these cells in subsequent analysis. The CX3CR1+ cells from the infected lungs were 

composed of three main subsets: CD11c+ dendritic cells (DC), interstitial macrophages 

(IM), and Ly6C+ monocytes with minimal contributions from CD3+ T cells and NK1.1+ 

Natural Killer (NK) cells (Figure 16D). 

PGRP is reported to be a granule protein found in neutrophils and M cells [22, 

23].  Unexpectedly, we observed that most of the PGRP+ cells in the infected lung, 

especially at day 7 post-infection were in fact eosinophils, followed by neutrophils 

(Figure 14B and Figure 16C). To evaluate if the reporter protein was effective for live 

cell imaging, lung cells were isolated from Nb-infected CX3CR1+/+PGRPNeg, 

CX3CR1+/+PGRPDsRed, and CX3CR1+/GFPPGRPDsRed mice and co-cultured with Nb L3 

larvae. CX3CR1 and PGRP single-positive cells exhibited strong signal and bound to the 

larvae suggesting that these reporter mice are also a valuable tool to image myeloid and 

granulocyte subsets (Fig 14C).  

Flow cytometry analysis at various timepoints post-infection showed that both 

CX3CR1+ cells and PGRP+ cells peaked at day 7 post-infection in the lung (Figure 15A). 

The frequency of CX3CR1+CD11c+ cells in the lung increased 11 times (1% to 11%), and 
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CX3CR1+ monocytes increased 2.5 times (2% to 5%) at day 7 post-infection compared to 

naive mice. Lung eosinophils in the PGRP+ cell subset were also significantly increased 

(5-fold) at day 7 post-infection, but there were no significant differences in the frequency 

of these cells in the blood (Figure 15B), indicating that infection-induced changes in 

these subsets occurred mostly at the infection site. These significant changes in 

eosinophils and CX3CR1+ myeloid cells were transient, with recovery to naive 

frequencies at day 10 post-infection. Together, this data shows dynamic changes in lung 

innate effector cells in response to helminth infection. These included significant but 

transient increases in myeloid cells and eosinophils, which can be efficiently tracked by 

transgenic mouse reporters for CX3CR1 and PGRP respectively. 
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Figure 14. Nippostrongylus infection induces lung infiltration of CX3CR1+ myeloid 

cells and PGRP+ eosinophils. CX3CR1+/GFP/PGRPdsRED transgenic mice were infected 

with 500 L3 Nippostrongylus, followed by analysis of lung and blood at day 7 post-

infection. (A) CX3CR1-GFP and PGRP-DsRed signal in frozen lung and small intestine 

(S.I.) sections. (B) Temporal changes in CX3CR1 and PGRP cell populations were 

assessed by flow cytometry. (C) Lung cells were isolated from CX3CR1+/+PGRPNeg, 

CX3CR1+/+PGRPDsRed, and CX3CR1+/GFPPGRPDsRed mice at 7 days post-infection, and 

co-cultured with Nb L3 larvae. Data are representative of 2 experiments in (A and B) and 

of 1 experiment in (C). 
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Figure 15. The recruitment of CX3CR1+ monocytes and CD11c+ cells peaked at day 

7 post-infection. CX3CR1+/GFP/PGRPDsRed transgenic mice were infected with 500 

Nippostrongylus L3, followed by analysis of lung and blood at various time points post-

infection. (A-B) CX3CR1 and PGRP populations and subpopulations were quantified in 

(A) the lung and (B) blood. Values represent means ± SEM (n = 3-6 animals per time 

point), and data are representative of 2 experiments. One-way ANOVA with Dunnett’s 

multiple comparison test and two-way ANOVA with post-Tukey multiple comparison 

test were performed, and P values less than 0.05 were considered statistically significant. 

(*, P≤ 0.05; **, P≤ 0.01; ***, P≤ 0.001; ****, P≤ 0.0001)  
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Figure 16. Characterization of CX3CR1+ cells and PGRP+ cells in the lung. 

CX3CR1+/GFP/PGRPdsRED (Het) transgenic mice and control wild-type (WT) mice were 

infected with 500 L3 Nippostrongylus, followed by analysis of lung at day 7 post-

infection. (A) CX3CR1 expression, represented as median fluorescence intensity (MFI), 

was compared in dendritic cells, monocytes, and alveolar macrophages. (B-C) MFI of 

PGRP was compared in eosinophils, neutrophils, and alveolar macrophages. (D) Cell 

types in CX3CR1+Ly6C+ and CX3CR1+CD11c+ cells were analyzed at day 7 after 

infection by flow cytometry. Data are representative of 2 experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 132 

CX3CR1-deficient mice show improved outcomes to Nippostrongylus infection. 

To determine the role of CX3CR1 signaling in helminth infection, wild-type 

(WT) and CX3CR1GFP/GFP (KO) mice were infected with Nippostrongylus. Both WT and 

KO mice exhibited infection-induced weight loss at days 2 and 3 post-infection (Figure 

17A), consistent with the pathologic consequence of parasite migration through the lung. 

However, KO mice had ameliorated outcomes with significantly reduced infection-

induced weight loss compared to WT mice. Since a higher weight loss is typically 

associated with stronger inflammatory responses, the number of immune cells in the lung 

was enumerated (Figure 17B). Consistent with the reduced weight loss, lung leukocyte 

counts were significantly lower in KO mice. Different immune cell populations in the 

lung were analyzed by flowcytometry, and monocytes, alveolar macrophages, and 

CD11c+ cells were significantly decreased in infected KO mice, which is consistent with 

the importance of CX3CR1 signaling for myeloid subset recruitment (Fig 17C). Although 

there was a significant increase in eosinophil frequency in KO mice, there were no 

differences in lung eosinophil or neutrophil numbers between WT and KO mice. The 

expression of CD206 (mannose receptor), a surrogate for M2 macrophage activation [34], 

was significantly increased in alveolar macrophages and in CD11c+ cells from KO mice 

compared to WT mice, suggesting increased M2 polarization in the absence of CX3CR1 

signaling. M2 polarized macrophages are important effector cells against lung migrating 

larvae such as Nippostrongylus [6, 9], therefore we tested the hypothesis that KO mice 

may have improved innate responses to Nippostrongylus leading to reduced parasite 

burdens. Intestinal worm counts at day 7 post-infection confirmed an almost 3-fold 
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decrease in worm burdens and an 8-fold decrease in fecal egg counts (Figure 17D). This 

was associated with decreased parasite viability, measured by ATP quantification of adult 

worms recovered from the intestine.  

We tested whether this protective effect was specific for CX3CR1 deficiency, or 

if deficiency in myeloid cell recruitment through another chemokine receptor such as 

CCR2, also resulted in lower lung leukocyte infiltration and parasite burdens. CCR2 

deficiency (CCR2RFP/RFP) did not have any significant effect on infection-induced weight 

loss or worm burden (Figure 18A and B). This was despite significantly reduced lung 

leukocyte numbers and strikingly decreased infiltration of monocytes (33-fold) (Figure 

18C), which validated the mice and confirmed that monocyte responses were CCR2-

dependent. Additionally, CCR2 deficiency resulted in reduced frequency and numbers of 

alveolar macrophages, which may reflect deficiencies in monocyte-derived alveolar 

macrophages which have been identified in response to lung infection [35, 36]. 

Nonetheless, we observed significantly increased surface expression of CD206 in CCR2-

deficient alveolar macrophages suggesting that CCR2 deficiency, similar to CX3CR1 

deficiency, may also cause M2 macrophage activation. We validated the CCR2 reporter, 

showing that Ly6C+ monocytes were RFP-positive (Figure 18D). Thus, deficiency in 

CCR2 signaling did not significantly affect worm clearance although this receptor was 

important for recruiting monocytes and influenced macrophage M2 polarization. In 

contrast, CX3CR1 signaling had an unexpected and detrimental role in helminth 

infection, where it promoted lung myeloid cell responses and infection-induced 

pathology, but impaired M2 macrophage activation and optimal worm clearance. 



 134 

       

 



 135 

Figure 17. CX3CR1 deficiency reduces Nippostrongylus parasite burden and 

decreases infection-induced weight loss and lung leukocyte infiltration. CX3CR1 

wild-type (WT) or CX3CR1GFP/GFP (-/-) mice were infected subcutaneously with 500 

Nippostrongylus L3. (A) Infection-induced weight loss compared to pre-infection weight 

was calculated at multiple time points. (B) Total lung leukocytes were enumerated. (C) 

Myeloid and granulocyte subsets were determined and CD206 median fluorescence 

intensity (MFI) in alveolar macrophages, monocytes and CD11c+ lung cells were 

evaluated by flow cytometry. (D) Parasite burden was evaluated at day 7 post-infection 

by fecal egg count, intestinal worm count and measurement of worm viability by ATP 

quantification of adult worms dissected from the small intestine. Values represent means 

± SEM (n = 6-7 per group), and data is representative of 3 experiments. Two-way 

ANOVA with post-Sidak multiple comparison test and the unpaired t-test were 

performed, and P values less than 0.05 were considered statistically significant. (*, P≤

0.05; **, P≤ 0.01; ***, P≤ 0.001; ****, P≤ 0.0001) 
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Figure 18. Lack of CCR2 does not protect against Nb-induced pathology. CCR2 

wild-type (WT) or CCR2RFP/RFP (-/-) mice were infected subcutaneously with 500 

Nippostrongylus L3. (A) Infection-induced weight loss compared to pre-infection weight 

was calculated at multiple time points. (B) Parasite burden was evaluated at day 7 post-

infection by fecal egg count, intestinal worm count and measurement of worm viability 

by ATP quantification of adult worms dissected from the small intestine. (C) Total lung 

counts for total leukocytes, and myeloid subsets were determined and CD206 median 

fluorescence intensity (MFI) in alveolar macrophages and CD11c+ monocytes were 

evaluated by flow cytometry. (D) CCR2-RFP expression, represented as median 

fluorescence intensity (MFI), was compared in naïve and infected CX3CR1+ Ly6C+ cells, 

as well as infected CX3CR1+ CD11c and CX3CR1+ Ly6C+ cells. Values represent means 

± SEM (n = 4 per group) and data are representative of one experiment. Two-way 

ANOVA with post-Sidak multiple comparison test and the unpaired t-test were 

performed, and P values less than 0.05 were considered statistically significant. (*, P≤

0.05; **, P≤ 0.01; ***, P≤ 0.001; ****, P≤ 0.0001) 

 

 

 

 

 

 

 



 138 

CX3CR1-deficient Ly6C+ monocytes are more active against the Nippostrongylus 

parasites and secrete more proinflammatory cytokines. 

Both CCR2 and CX3CR1 deficiency led to decreased myeloid cell recruitment in 

the lung, however, the reduced parasite burden in CX3CR1 KO mice suggests that 

CX3CR1 signaling may have functional effects beyond its chemotactic function that 

impairs the innate immune response to parasitic worms. Given that Ly6C+ monocytes and 

CD11c+ myeloid cells were the main CX3CR1+ cells in the lung at day 7 post-infection 

(see Figure 14), we investigated if CX3CR1 deficiency in these subsets affected their 

effector function against Nippostrongylus parasites. In in vivo infection, Nippostrongylus 

infectious L3 larvae migrate to the lung triggering innate effector cells, therefore we 

investigated this lung cell interaction in vitro by co-culture of lung cells with 

Nippostrongylus L3 parasites based on previously established methodologies [30]. 

CD11c+ and Ly6C+ cells were enriched by magnetic bead purification of dissociated lung 

cells from day 7-infected CX3CR1 WT and KO mice followed by co-culture with L3 

Nippostrongylus larvae (Figure 19A). Microscopic visualization of co-cultures at day 3 

revealed that both WT and KO CD11c+ cells were effective at binding the larval parasite. 

In comparison, WT Ly6C+ monocytes showed minimal larval binding, while KO Ly6C+ 

monocytes exhibited strikingly increased adherence to the worm (Figure 19B). 

Quantification of cell numbers per worm confirmed a more than 4-fold increase in 

binding of KO Ly6C+ compared to WT Ly6C+ monocytes, with no significant difference 

between WT and KO CD11c+ cells (Figure 19C). We evaluated the outcome of enhanced 

cell binding by quantifying larval motility, and confirmed that co-culture with cells from 
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all four groups led to reduced larval motility compared to larvae cultured alone. Co-

culture with Ly6C+ KO monocytes resulted in significantly reduced larval motility 

compared to WT monocytes, consistent with more efficient binding to the worm. 

Measurement of proinflammatory cytokines in the co-culture supernatants revealed that 

KO monocytes secreted 10-fold more TNFα and IL-6, and 20-fold more MCP-1 than WT 

monocytes (Figure 19D). In contrast, there was no difference between WT and KO 

CD11c+ cells, nor differences in secretion of IFNγ, IL-10 or IL-12 in any of the groups 

(data not shown). We investigated if addition of live Nippostrongylus larvae was 

necessary for this cytokine production by lung cells in the co-culture, but observed that 

there were no significant differences in cytokine production between lung cells alone, or 

cells incubated with Nippostrongylus larvae (Figure 19E and data not shown). Together, 

our data indicate that CX3CR1 deficiency has targeted effects on monocytes infiltrating 

the helminth-infected lung, including increased proinflammatory cytokines and 

adherence to the parasite, which leads to improved effector responses against the parasite. 
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Figure 19. CX3CR1-deficient Ly6c+ monocytes secrete more proinflammatory 

cytokines and actively bind Nippostrongylus L3 parasites. (A) Schematic 

representation of magnetic assisted cell sorting (MACs) of cells from CX3CR1 wild-type 

(WT) and CX3CR1GFP/GFP (KO) Nippostrongylus-infected lungs, and co-culture with L3 

Nippostrongylus parasites. (B) Representative micrographs of Ly6c+ and CD11c+ cells 

from WT or KO mice adhered to L3 Nb. (C) Cellular adherence and relative 

Nippostrongylus motility were assessed at day 3 co-culture. (D) Cytokines and 

chemokines in WT and KO cell co-culture medium were measured. (E) IL-6 secretion by 

lung cells isolated from Nippostrongylus-infected CX3CR1+/GFPPGRPDsRed (Het) mice 

cultured with or without Nippostrongylus larvae. Values represent means ± SEM (n = 5 

animals, n = 3-4 for cell culture replicates) and are representative of 3 experiments in (C 

and D) and 1 experiment in (E). The unpaired t-test was performed, and P values less 

than 0.05 were considered statistically significant. (*, P≤ 0.05; **, P≤ 0.01; ***, P≤

0.001; ****, P≤ 0.0001) 
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RNA expression profiling of Ly6C+ and CD11c+ subsets reveals Nippostrongylus-induced 

and CX3CR1-dependent changes particularly in lung Ly6C+ monocytes 

Our previous data identified an unexpected role for CX3CR1 signaling in the lung 

in impairing effector responses to helminth parasites, therefore we investigated potential 

differences between CX3CR1+/GFP (Het) and CX3CR1GFP/GFP (KO) lung by RNA-

sequencing analysis, focusing on Ly6C+ and CD11c+ cells as the main CX3CR1-

expressing subsets in the lung. PGRP+CX3CR1 Het and KO mice were infected with 

Nippostrongylus L3, and we validated, as before, reduced parasite burden and lung 

leukocyte counts in the KO mice (Figure 21A). To determine infection-induced changes 

in the CX3CR1-expressing subsets, we also examined PBS-treated Het mice. At day 7 

post Nippostrongylus infection, CX3CR1+GFP+ subsets were sorted based on Figure 

20A, where the gating strategy included removing PGRP+ cells to minimize 

contamination from granulocytes and alveolar macrophages. We evaluated gene 

expression changes between naïve and infected groups, CD11c+ and Ly6C+ cells, and 

CX3CR1-Het and KO genotype. Ly6C+ cells exhibited the most differential gene 

expression according to infection status (naïve vs infected, n=180) and according to 

genotype (CX3CR1 Het vs KO, n=20) (Figure 20B). Functional enrichment of 

differentially expressed genes in CX3CR1-expressing Ly6C+ monocytes from naïve or 

infected lungs revealed that Nippostrongylus infection was associated with changes in 

genes involved with migration (e.g. regulation of cell migration, monocyte chemotaxis), 

inflammation (e.g. inflammatory response, cellular response to TNF), and tissue 

remodeling (e.g. collagen fibril organization, angiogenesis, ECM receptor interaction) 
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(Figure 20C and D). Heatmap of the most differentially expressed genes in monocytes 

following infection suggests infection-induced increases in chemokines (Ccl12, Ccl24, 

Ccl7, Cxcl16) and matrix metalloproteinases (Mmp14, Mmp19, Timp1), indicating that 

monocytes were involved in promoting leukocyte recruitment to the infected tissue and in 

tissue remodeling (Fig 20E). In contrast, several collagen-encoding genes were 

downregulated upon infection (Col1a1, Col1a2, Col14a1), suggesting decreased function 

in collagen matrix deposition. 

When comparing Cx3CR1 Het and KO Ly6C+ monocytes sorted from infected 

lungs, most DEG were upregulated in Ly6C+ KO cells, and indicated enhanced 

chemotactic and cytotoxic responses. These included Ugcg, Sh2d2a, Eomes, Gzma and 

Gzmb, which are associated with innate and adaptive effector cell responses, especially 

cytotoxic NK and CD8 T cell function [37-39]. y6C+ KO cells expressed significantly 

decreased Maged1, a gene identified in NK cells which triggers cell death. 

Downregulation of this gene may suggest the increased longevity of the CX3CR1-

deficient monocytes [40, 41]. Ets1, which mediates vascular inflammation and 

remodeling, was upregulated in KO Ly6C+ cells. Ets-1 is a known activator of CCL2, 

which supports the increased monocyte activity in the co-culture data [42, 43]. 

Unexpectedly, Ccl3 was also significantly reduced in KO Ly6C+ cells, which is in 

contrast to the significantly upregulated secretion of another chemokine, MCP-1/CCL2, 

in the co-cultures.  This result may reflect differences between RNA and protein levels, 

the different chemokines, or differences between the in vivo versus in vitro environment. 

Cytotoxic genes are usually expressed in CD8 and NK cells and not typically in 



 144 

monocytes, however, the flow cytometry characterization suggested that Ly6C+CX3CR1-

expressing subset had minimal contamination from these cytotoxic effector subsets (see 

Figure 16D). To investigate this further, we utilized ImmQuant for digital cell 

quantification of the RNA-seq datasets based on the immunological genome (Figure 22) 

[44]. Overall, the top cell hits for the sorted Ly6C+ subsets were monocytes from various 

lymphoid tissues. Although most of the datasets used for ImmQuant reflect naive 

conditions and lymphoid organs, these findings support our sorting strategy for 

monocytes. While Ly6C+ cells from infected Het mice did not show similarities to NK 

nor CD8 T cells, KO Ly6C+ cells matched NK and CD8 T cell subsets, albeit at a lower 

score than that for monocytes. It is possible that the Ly6C+ KO cells may be monocytes 

that acquire NK and CD8 T cell cytotoxic characteristics in the absence of CX3CR1 

signaling. Alternatively, there may be more contamination of CD8 and NK cells in the 

KO subset. Despite these caveats, our data indicate that CX3CR1 deficiency promotes 

cytotoxic functions, which may be linked to the improved immunity and damage to the 

Nippostrongylus parasites. 

Compared to monocytes, there were minimal gene expression changes in CD11c+ 

cells, with only 65 DEG between naïve and infected groups, and no significant DEG were 

found between CX3CR1 Het and KO cells (Figure 21B). These findings may reflect the 

greater heterogeneity in the CD11c+ lung subsets, which would mask any significant gene 

expression changes. Additionally, there was no functional difference between Het and 

KO CD11c+ cell when co-cultured with Nb larvae (see Figure 22). ImmQuant analysis of 

the CD11c+ subsets supported a heterogeneous subset with gene expression profiles that 
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matched both DCs and macrophages from a variety of tissues including the lung (Figure 

22). Comparison of DEG between Het CD11c+ cells sorted from naïve and infected lungs 

indicated most DEG were downregulated genes in infection (52 downregulated vs 13 

upregulated). Downregulated genes were associated with proliferation (Pou2f2) [45], 

anti-inflammatory function (CD300e) [46], and cell adhesion (Itga1, Itgb7), suggesting 

that the CD11c+ subset was more quiescent in the infected lungs. Interestingly, CD11c+ 

cells from infected lungs also had reduced expression of the angiotensin-converting 

enzyme Ace, which has been reported to in pulmonary granuloma formation [47]. 

Overall, these results demonstrate that Nippostrongylus infection induces gene expression 

changes, especially in CX3CR1-expressing lung monocytes, associated with chemokines, 

inflammation, and matrix remodeling pathways. These data also identify candidate 

cytotoxic and adhesion molecules as effectors against the parasite. 
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Figure 20. RNA-sequencing analysis of lung Ly6C+ monocytes sorted from naive 

and infected CX3CR1+/GFP (Het) and Cx3CR1GFP/GFP (KO) mice.  

CX3CR1+/GFPPGRPDsRed (Het) were injected with PBS control (naive) or infected with 

Nippostrongylus for 7 days, and compared to day 7-infected Cx3CR1GFP/GFP PGRPDsRed 

(KO) mice. (A) Ly6c+ and CD11c+ cells within the live, single cell-gated CX3CR1 

GFP+ cell populations were recovered via flow cytometry-assisted cell sorting from lung 

leukocytes of naïve CX3CR1+/GFP or infected CX3CR1+/GFP and CX3CR1GFP/GFP 

mice. (B) Bar graph summarizing transcriptional changes in monocytes - naïve 

CX3CR1+/GFP vs. infected CX3CR1+/GFP and infected CX3CR1+/GFP vs. CX3CR1GFP/GFP 

mice. X axis represents number of significantly different genes (log2 FC ≥ 1 and FDR ≤ 

5%) up-regulated (red) or down-regulated (blue) under each comparison (C-D) Bar 

graphs representing functional enrichment – (C) Gene Ontologies (GO) and (D) KEGG 

pathways of differentially expressed genes within the naïve CX3CR1+/GFP group. 

Ontologies were predicted using DAVID (FDR ≤ 5%). Number of genes mapping to each 

term is annotated. (E) Clustered heatmap of DEGs discovered in naïve vs. infected 

CX3CR1+/GFP mapping to GO terms “inflammatory response”, “regulation of cell 

migration”, and “collagen fibril organization”. (F) Clustered heatmap of DEGs 

discovered when comparing CX3CR1GFP/GFP to CX3CR1+/GFP Ly6c+ (F). n = 3-4 per 

group from one experiment.  
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Figure 21. Comparison of immune response and differentially expressed genes 

(DEGs) in CX3CR1+/GFP and CX3CR1GFP/GFP mice following Nb infection. 

PGRP+CX3CR1GFP/+ (Het) and PGRP+Cx3CR1GFP/GFP (KO) mice were injected with PBS 

(naive) or infected with Nippostrongylus for 7 days. (A) Nb and Nb eggs were quantified 

in the small intestine and fecal pellets of infected mice, respectively. Total leukocytes 

were isolated from lung tissue of naïve, day 3 and day 7 Nb-infected CX3CR1+/GFP mice, 

and day 7 Nb-infected CX3CR1GFP/GFP mice. Isolated leukocytes were evaluated by flow 

cytometry. (B) Volcano plot of differentially expressed genes within DCs from 

CX3CR1GFP/+ (Het) Infected relative to naïve animals. X-axis represents fold change 

(log2 scale) and Y-axis represents statistical significance (-log10 scale). Genes 

statistically different between two conditions are colored green. Black dots represent 

genes that did not satisfy the statistical threshold (Fold change ≥ 1 and FDR ≤ 5%). 

Values represent means ± SEM (n = 3-5 per group). The unpaired t-test were performed, 

and P values less than 0.05 were considered statistically significant. (*, P≤ 0.05; **, P≤

0.01; ***, P≤ 0.001; ****, P≤ 0.0001) 
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Figure 22. Digital cell quantification with sorted cell RNA-seq. (A) Cell types in 

CX3CR1+Ly6C+ and CX3CR1+ CD11c+ cells were quantified by a digital cell 

quantification software Immquant, and significantly different cell types (t-test, p<0.05) 

were presented as a heatmap. N.: CX3CR1+/- naive, Het.: CX3CR1+/- infected, KO: 

CX3CR1-/- infected, Cell abbreviation (Mo: monocytes, MF: macrophages, DC: dendritic 

cells, T: t cells, NK: NK cells), Tissue abbreviation (BL: blood, BM: bone marrow, LN: 

lymph node, LU: lung, SLN: skin draining lymph node, SI: small intestine, LULN: 

mediastinal lymph node, LV: liver, TH: thymus, MLN: mesenteric lymph node, SP: 

spleen, Marker abbreviation (6C: Ly6C, II: MHCII, 103: CD103, 11B: CD11b, 169: 

CD169, 11C: CD11c, LANG: langerin, 8: CD8, 4: CD4, 49H: Ly49H, CI: Ly49C/I), etc. 

(MEDL: medullary, SALM3: day 3 post-infection with oral Salmonella Typhimurium, 

NVE: naïve, OT1: OT-1 mouse, MEM: memory, LISOVA: Listeria monocytogenes 

ovalbumin, MCMV: Murine Cytomegalovirus 
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DISCUSSION 

 The overall goals of this study were to characterize innate effector lung cells in 

response to Nippostrongylus infection, and to determine the function of chemokine 

receptor signaling through CX3CR1 and CCR2 in infection-induced inflammation and 

parasite clearance. Using dual reporters for CX3CR1 and PGRP, we show that CX3CR1-

expressing monocytes and dendritic cells are induced in the Nippostrongylus-infected 

lungs, and identify the significant infection-induced infiltration of PGRPdsRed eosinophils. 

We found that eosinophils have strong PGRPdsRed signal that can be detected by 

fluorescence microscopy and flow cytometry, suggesting that this transgenic model may 

be useful to visualize eosinophils. PGRP proteins are critical innate sensors of bacterial 

peptidoglycan, triggering innate signaling to promote microbicidal responses.[48] Prior to 

these studies, PGRP expression in mice had been reported in the granules of neutrophils 

and M cells [22, 23]. However, a bovine study reported expression in eosinophils [49], 

which is in line with our findings. In that study, PGRP was microbicidal against the 

fungal pathogen Cryptococcus and gram-negative bacteria in which peptidoglycan was 

buried (Salmonella), suggesting a potential function for these proteins that may not be 

mediated by peptidoglycan recognition. Beyond its utility as a reporter for eosinophils 

and neutrophils, investigation of PGRP effector responses against helminth parasites may 

be warranted. 

We investigated chemokine receptor signaling through CX3CR1 and CCR2, 

which are expressed in monocytes [32, 50, 51]. Monocytes infiltrate tissues in response to 

infection and injury, and have critical roles in various microbial infections, including 
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viral, bacterial, and protozoan [14-16, 52, 53]. However, few studies have investigated 

monocyte responses in helminth infection, or monocyte-helminth interaction. Here we 

identify both chemotactic and non-chemotactic functions for CX3CR1-expressing 

monocytes in Nippostrongylus infection. Deficiency in CX3CR1 signaling led to reduced 

lung leukocyte infiltration, with reductions in monocyte and DC subsets, consistent with 

these cells requiring CX3CR1 for recruitment to inflamed tissues [32, 54]. Although lung 

alveolar macrophages do not express CX3CR1, they were also reduced in CX3CR1-

deficient mice. In influenza infection studies, infiltrating monocytes differentiate into 

alveolar macrophages, referred to as monocyte-derived alveolar macrophages, which then 

downregulate CX3CR1 expression [55]. It is possible that the reduction in alveolar 

macrophages in Nippostrongylus-infected CX3CR1-deficient mice may reflect reduction 

in these monocyte-derived subsets. 

Functionally, CX3CR1-deficient mice exhibited ameliorated outcomes to 

Nippostrongylus infection, including reduced infection-induced weight loss, and 

significantly reduced parasite burdens. This protective effect was not observed in CCR2-

deficient mice, although these mice also had reduced monocyte and alveolar macrophage 

frequencies in the lung, consistent with the CCR2-mediated chemotaxis. These data 

therefore suggest a non-chemotactic function for CX3CR1 that is distinct from CCR2. 

Functional differences between CCR2 and CX3CR1 are supported by prior studies 

showing that inflammatory monocytes have high CCR2, while resident monocytes, as 

well as macrophages and DC in specific tissues, express CX3CR1 [56]. Overall, there is 

general consensus that CCR2 is specific for inflammatory monocytes, while CX3CR1 is 
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expressed on anti-inflammatory macrophages [57, 58]. Related to our findings, a study 

investigating pulmonary hypoxia reported that CX3CR1 deficiency was protective 

against hypoxia while CCL2 deficiency had no effect [59]. In our study with lung 

helminth infection, we observed that CX3CR1-deficient Ly6C+ monocytes were more 

effective at migrating and binding to the Nippostrongylus larvae, and also secreted higher 

levels of proinflammatory cytokines. These findings indicate an inhibitory function for 

CX3CR1 in suppressing effector responses in monocytes, and suggest that therapeutically 

targeting CX3CR1 signaling may enhance immunity to helminths through promoting 

tissue monocyte responses. In viral and fungal parasite infection, CX3CR1 signaling is 

protective for pathogen killing [54, 60], yet in our studies with helminth infection, 

CX3CR1 signaling impaired parasite clearance and was associated with reduced M2 

macrophage activation. It is possible that CX3CR1 signaling influences the balance 

between M1/M2, favoring M1 macrophage activation instead of anti-helminthic M2 

macrophage responses. Studies in neural tissue injury showed that CX3CR1 signaling 

exacerbates inflammation and CX3CR1 KO macrophages show a reparative phenotype 

[19, 20]. This is consistent with our findings, where we show that CX3CR1-deficient 

cells have higher expression of M2 marker CD206. Other studies in the lung investigated 

the function of CX3CR1 signaling in response to hypoxic pulmonary tension or 

bleomycin-induced fibrosis [59, 61], which trigger similar pathways and share disease 

etiologies with Nippostrongylus infection of the lungs [8]. Consistent with our findings, 

those studies showed that CX3CR1 deficiency led to increased inflammatory cytokines 

(CCL2, TNF), however they noted a shift from M2 to M1 macrophage polarization in 
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CX3CR1-deficient mice. This highlights the complex role of CX3CR1 signaling in the 

lung, which may depend on the inflammatory context and stressor (e.g., hypoxia, 

chemical, infection). 

To identify candidate downstream effectors of CX3CR1 signaling that regulate 

host-helminth interaction, we conducted RNA-seq on CX3CR1GFP positive Ly6C+ and 

CD11c+ cells sorted from the lungs of CX3CR1 Het or deficient mice. We found that the 

greatest changes in gene expression occurred in Ly6C+ monocytes in response to 

Nippostrongylus infection, which were associated with pathways involved in chemotaxis, 

inflammation and extracellular matrix receptor interaction. These data indicate dynamic 

changes in monocytes recruited to the lung in response to helminth infection, where they 

secrete chemokines and cytokines as a positive feedback loop to enhance tissue 

inflammation. These monocytes are also likely involved in interaction with other immune 

cells as well as the matrix, as a response to injury. Based on studies in other infection 

models [52, 53], these monocytes may also differentiate into macrophages and dendritic 

cells with functions that are distinct from the tissue-resident subsets. We evaluated 

CX3CR1-dependent gene expression in Ly6C+ monocytes, and found that CX3CR1 

deficiency led to expression of genes associated with NK and CD8 T cells. We cannot 

exclude the possibility of contamination from these cell-types, however, this data 

indicates CX3CR1 deficiency leads to an exacerbated cytotoxic effector function, such as 

the increased expression of granzymes (Gzma and Gzmb) and Serpinb9. Granzyme A 

caused membrane damage-mediated cell death, cleavage of many intracellular substrates 

[62-66], and promotes proinflammatory cytokine expression, making it a candidate 
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effector molecule for the enhanced effector response to Nippostrongylus observed in the 

CX3CR1-deficient mice. Granzyme B was shown to be upregulated in human monocytes 

by activation of TLR8 signaling and induced antibody-dependent cellular cytotoxicity 

[67]. Serpinb9, an endogenous natural antagonist regulating excessive granzyme B 

activity was also upregulated in KO monocytes, indicating potential regulation of this 

pathway.[68] Granzyme expression has been reported in both human and rodent helminth 

infections [69], with divergent roles in the inflammatory response and anti-helminthic 

immunity. In infection with filarial nematode Litomosomoides sigmodontis, granzyme A 

deficiency increased susceptibility while deficiency in granzyme B promoted early 

inflammation and improved resistance [70]. Future experiments investigating the 

interplay between these effectors and regulators of the granzyme pathway, and how they 

might contribute to the enhanced cell binding to the larval parasite, may uncover new 

pathways that can be targeted to promote helminth killing. In conclusion, our study 

characterizes a dual reporter for innate myeloid and granulocyte subsets in pulmonary 

helminth infection, and identify a previously unrecognized role for CX3CR1 signaling in 

promoting infection-induced pathology and impairing optimal anti-helminth effector 

responses. 
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Figure 23. Immunomodulatory function of CX3CR1 in myeloid cells during 

helminth infection 
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Chapter Six – Conclusion 

Summary 

RELMα induces resolution of inflammatory granulomatous tissue by 

downregulating Serpine1. 

 The regulatory function of RELMα in Th2 immune responses during mouse 

hookworm infection is well characterized in the lung. However, helminth infections in 

humans are mostly chronic within the intestine. We took advantage of mouse chronic 

helminth infection model, H. polygyrus and RetnlatdT/tdT knockout mice, to investigate the 

function of RELMα in chronic intestinal helminth infections. RELMα downregulated the 

size of the granulomas and expedited resolution and closure of the wounds. By utilizing 

Nanostring technology, we found that there was increased migration of monocyte-derived 

macrophages in WT granulomas, which might be the source of RELMα. Moreover, the 

anti-wound healing gene, Serpine1, was downregulated in WT granulomas, and it was 

highly expressed in the center of KO granulomas. Collectively, these results suggest that 

RELMα derived from monocyte-derived macrophages is required for limiting 

inflammation and host damage caused by macroparasite infection.  

 

Choline metabolism is required for M2 macrophage polarization and RELMα 

expression during helminth infection. 

 Previous studies demonstrated that choline uptake and metabolism are crucial for 

M1 polarization and activation of macrophages such as cytokine production. We found 

that choline metabolism is also required for M2 macrophage polarization and RELMα 
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expression during H. polygyrus infection by using pharmacological choline kinase α 

inhibitor. Upon H. polygyrus infection, choline kinase α, RSM-932A decreased 

recruitment of macrophages, B-1cells, eosinophils, but increased monocytes and 

neutrophils in the peritoneal cavity. RSM-932A injection also downregulated M2 

polarization of macrophages and optimal immune response to H.polygyrus, increasing 

egg burden. These data demonstrated that appropriate metabolism of dietary nutrient play 

an important role in activation of immune response to helminth infection. 

 

Epithelial cell-derived RELMα facilitates infection of epithelial cells with Influenza 

A Virus.  

While RELMα function in helminth and bacterial infections has been 

investigated, it has never been studied in viral infection. We employed influenza 

A/California/04/2009 (H1N1) strain (IAV) and RetnlatdT/tdT KO mice to investigate the 

role of RELMα during influenza infection. Unlike helminth infections, IAV infection 

induced RELMα expression specifically in lung epithelial cells. RetnlatdT/tdT KO mice had 

significantly lower viral burden compared to WT mice, and RELMα directly increased 

IAV infection of lung epithelial cells in vitro and in vivo. This study implicates a 

pathogenic function of RELMα in promoting IAV infection of the epithelial cell. 
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CX3CR1 dampens lung inflammation by downregulating host-helminth interaction, 

proinflammatory cytokines, and cytotoxic molecules.  CX3CR1 is a chemokine 

receptor, which is important for recruitment of myeloid cells in inflammatory 

environments. We found that CX3CR1-expressing cells are recruited to the lung during 

Nippostrongylus brasiliensis infection by using CX3CR1 knock out/GFP knock in mice. 

In addition to chemotactic function, CX3CR1 inhibited binding of monocytes to worms 

and proinflammatory cytokine production by monocytes. RNA-sequencing data 

demonstrated that CX3CR1 decreased expression of cytotoxic molecules including 

granzymes A and B. These results suggest that CX3CR1 intrinsically regulates response 

to helminths and production of inflammatory molecules in addition to its canonical 

chemotactic function. 
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Future Directions 

What is the receptor of RELMα? 

 Even if the function of RELMα on diverse cell types in different contexts are well 

characterized, the surface receptor of RELMα has not been identified yet. Since RELMα 

is secreted, RELMα may bind to a surface receptor and be translocated into the cytoplasm 

through transporter or endocytosis to activate downstream signaling pathways. In chapter 

4, recombinant RELMα increased infection of MLE-12 cells with IAV in vitro, indicating 

that there is a putative RELMα receptor or transporter in epithelial cells. However, other 

studies showed that RELMα also alters gene expression, proliferation, and migration of 

immune cells such as macrophages and CD4 T cells, suggesting the presence of a 

RELMα binding partner on the surface of immune cells. To identify the surface receptor 

of RELMα, membrane proteins interacting with RELMα should be immunoprecipitated 

and analyzed by mass spectrometry. After identification, future studies with inhibitors or 

gene silencing would be needed to validate RELMα functions through theses candidate 

proteins.  

 

What is the mechanism by which RELMα activates IAV infection in lung epithelial 

cells? 

 We showed that RELMα directly upregulates IAV infection of lung epithelial 

cells with no striking effects on the immune response, suggesting that RELMα alters 

condition of epithelial cells for increased viral uptake or replication. It is possible that 

RELMα expedites IAV infection of lung epithelial cells by upregulating its receptor sialic 
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acid or required activating signaling pathways. Both RELMα and IAV infection activates 

PI3K/Akt pathway, which induce viral uptake. To determine RELMα synergically 

activates PI3K/AKT pathway with IAV infection, the pathway should be inhibited by its 

inhibitor wortmannin upon RELMα treatment and viral burden should be measured in 

mouse lung epithelial cells. Furthermore, future studies should employ RNA-sequencing 

to identify signaling pathways activated by RELMα during IAV infection. CC10 

Cre/Retnlaflox/flox mice should also be used to specifically remove RELMα expression in 

lung epithelial cells.  
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Conclusion 

 In this dissertation, we investigated the function of the secreted protein RELMα 

and the chemokine receptor CX3CR1 in murine infections with soil-transmitted 

helminths and influenza A virus (Figure 24). First, we examined whether RELMα affects 

immune responses and tissue repair in the small intestine during chronic helminth 

infection. RELMα had no significant effects in regulating Th2 immune responses and 

parasite burdens in the intestine. However, we demonstrated that RELMα is highly 

expressed in inflammatory granulomatous tissue in the intestine and induces resolution of 

infection in these tissues. Mechanistically, RELMα downregulates the anti-wound 

healing gene, Serpine1, in granulomatous tissue, leading to expedited closure of opened 

lesions. Thus, RELMα function is more skewed toward tissue repair rather than immune 

regulation in the intestine. Next, we demonstrated that M2 macrophage polarization and 

RELMα expression following chronic helminth infection are regulated by choline 

metabolism. Impaired choline metabolism may affect mitochondrial oxidative 

phosphorylation, which is crucial for M2 macrophage polarization, and its role needs to 

be clarified. The function of RELMα is well characterized in the type 2 immune 

response, but not in the type 1 immune response. Recently, a pleiotropic function of 

RELMα was revealed in different infection contexts, and the novel function of RELMα in 

Influenza infection was discovered in this dissertation. RELMα directly facilitates 

infection of lung epithelial cells with influenza viruses without the intervention of 

immune cells, and downstream signaling in epithelial cells should be identified. Lastly, in 

addition to functioning as a chemokine receptor, we demonstrated a cell-intrinsic 
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immunomodulatory function for CX3CR1 in mouse lung hookworm infection. CX3CR1-

expressing cells are recruited to the site of infection by CX3CR1, but CX3CR1 signaling 

balances activation of these cells to limit excessive inflammatory response and tissue 

damage in the lung. This dissertation suggests a versatile function of host proteins, 

RELMα and CX3CR1, in balancing the immune response and tissue repair during 

mucosal infection.       
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Figure 24. Immunomodulatory function of RELMα and CX3CR1 in mucosal 

infection. 




