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IRF4 AMPLIFIES TH2 RESPONSES THROUGH INHIBITION OF IL31 EXPRESSION 

Priscila Muñoz Sandoval  

ABSTRACT 

Th2 cells are specialized to control helminths and other parasites. The protective 

response induced by Th2 cells, known as the type 2 immune response, is driven by their 

secretion of the canonical cytokines IL-4, IL-5, and IL-13. IL-31 is a lesser known Th2 

cytokine that limits the magnitude of type 2 inflammation in the skin. However, little is 

known about how IL-31 regulates immune responses in other tissues such as the lung 

and gut. Here we examined how Il31 deficiency alters lung and gut immune responses to 

the helminth Nippostrongylus brasiliensis (N.b.), a model of type 2 immunity. Compared 

to wildtype controls, Il31-deficient mice infected with N.b. had accelerated worm 

clearance and increased GATA3 and IL-13 expressing Th2 cells in the intestine. CD4+ T 

cells were the predominant producers of IL-31 in the lung and intestine, as identified by a 

newly generated Il31 reporter mouse. To identify pathways that control Il31 transcription 

in mouse Th2 cells, we conducted a pooled loss-of-function CRISPR screen. This screen 

identified the calcium sensor Stim1 as an Il31 activator, and Irf4, a transcription factor that 

positively regulates IL-4 and IL-13 production, as an Il31 repressor. Irf4 deletion increased 

IL-31 production in both mouse and human primary Th2 cells. In vivo, selective deletion 

of Irf4 only in Il31 expressing cells increased intestinal N.b. worm burden, indicating that 

Irf4 supports type 2 responses by limiting IL-31 and positively regulating canonical type 2 

cytokines in IL-31-producing helper T cells. 
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CHAPTER 1: GENERAL INTRODUCTION  
T cells  
 
T cells are involved in the adaptive immune response and are responsible for mediating 

immune responses against pathogens and various types of diseases. Development of T 

cells begins in the thymus from bone marrow (BM) derived thymocyte. They undergo a 

complex maturation process in the thymus where they go through a series of 

developmental stages. These include a selection process that includes cells that go 

through double negative (CD4-CD8-, DN), double positive (CD4+CD8+), and finally single 

positive (CD4+CD8- or CD4-CD8+) states (Germain, 2002). This process involves 

rigorous selection to ensure the generation of a diverse T cell repertoire capable of 

recognizing a vast array of antigens. Mature T cells migrate to peripheral lymphoid 

tissues, where they encounter antigen presented by antigen-presenting cells (APCs). 

Antigen recognition triggers T cell activation, leading to clonal expansion and 

differentiation into effector and memory T cell subsets. These subsets include cytotoxic 

CD8+ T cells which directly target and kill cells via their secretion of effector molecules. 

CD4+ T cells help in the protection from pathogens but can also modulate and regulate 

an immune response to prevent aberrant and prolonged inflammation. CD4+ T cells aid 

in the immune response via their production of cytokines and chemokines.  

 

Th2 cells 

Th2 cells are a critical subset of CD4 + T helper cells that play a pivotal role in the type 2 

immune response. These cells are primarily involved in the defense against extracellular 

pathogens such as helminths but when dysregulated can contribute to chronic 

inflammatory diseases such as asthma and allergy. Th2 cells are characterized by their 
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production of a distinct cytokine profile that includes IL-4, IL-5, and IL-13(Walker & 

McKenzie, 2017). These secreted cytokines have pleiotropic effects on various immune 

and non-immune cells. IL-4 is a key factor in activation of B-cell proliferation, promotes 

immunoglobulin (Ig) class switching and antibody production. IL-4 and IL-13 also facilitate 

the recruitment and activation of eosinophils and basophils, alternative macrophage 

activation and mast cell degranulation. By promoting B cell class switching to IgE, 

activating eosinophils, and inducing mucus production, Th2 cells contribute to the 

elimination of extracellular parasites. However, an imbalanced Th2 response can lead to 

the development of allergic diseases, such as asthma and atopic dermatitis, due to 

excessive inflammation and tissue remodeling. 

 

Cytokines 

Cytokines play a crucial role in maintaining immune homeostasis and host defense 

against pathogens. They are a diverse group of soluble proteins or glycoproteins that 

regulate the intensity and duration of an immune response and are produced by a variety 

of cells, including immune cells. Cytokines act in a complex and interconnected manner, 

forming intricate networks that regulate various immune functions. They can act in an 

autocrine, paracrine, or endocrine manner, influencing the behavior of the producing cell, 

neighboring cells, or distant target cells, respectively. Cytokine signaling pathways involve 

receptor-mediated activation of intracellular signaling cascades, leading to changes in 

gene expression and cellular responses. Cytokines play a crucial role in maintaining 

immune homeostasis and host defense against pathogens. However, dysregulation of 

cytokine production or signaling can contribute to the pathogenesis of various diseases, 

including autoimmune diseases, inflammatory disorders, allergies, and cancer. 
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IL-31  

Interleukin 31 (IL-31) is a cytokine mainly secreted by Th2 CD4+ T cells (Dillon et al., 

2004). It is part of the IL-6 pro-inflammatory family of cytokines but unlike other members 

of this family, IL-31 signals via its heterodimeric receptor IL31RA/OSMRb whereas other 

IL-6 family cytokines signal through a heterodimeric complex that includes gp130 

(Bilsborough et al., 2010). Studies carried out in mouse models as well as clinical data 

from patients with atopic dermatitis (AD) suggest that IL-31 is involved in the 

pathogenesis of itchy inflammatory skin diseases (Mollanazar et al., 2016). IL-31 may 

have distinct roles in different contexts of the immune response due to the expression of 

its receptor, IL-31RA in various tissues and the functional diversity of IL-6 family members. 
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CHAPTER 2: ANALYSIS OF THE ROLE OF IL-31 IN TYPE 2 IMMUNE RESPONSES 
IN THE LUNG AND SMALL INTESTINE 

 
Introduction  

Many studies have focused on what happens to the immune response in the presence or 

absence of IL-31 receptor, IL-31RA encoded by Il31ra. IL-31RA expression is increased 

in both lung tissue and lung cellular infiltrates in a mouse model of airway hyper-

responsiveness (Dillon et al., 2004). Studies carried out on IL-31RA deficient mice 

showed that IL-31 negatively regulated Th2 cytokine-dependent immunity and 

inflammation. After intravenous injection of Schistosoma mansoni eggs, Il31ra-/- mice 

developed exacerbated pulmonary granulomatous inflammation and had higher levels of 

IL-4, IL-5, and IL-13 in draining lymph nodes compared to wild-type controls (Perrigoue 

et al., 2007). In a follow-up study the IL-31RA deficient mice exhibited enhanced intestinal 

inflammation and Th2 cytokine responses following Trichuris infection (Perrigoue et al., 

2009). These observations are contrary to the theory that IL-31 plays an active role in 

promoting the development and exacerbation of Th2-associated disease.  

 

In contrast, it has been reported that IL-31RA deficient mice exhibited increased 

responsiveness to OSM (oncostatin M) and enhanced production of OSM-inducible 

cytokines, such as IL-5 and VEGF, during airway sensitization and challenge, suggesting 

that susceptibility of IL-31RA deficient mice to exacerbated Th2-type disease is an indirect 

result of IL-31RA deletion that leads to an elevated responsiveness to OSM (Bilsborough 

et al., 2010). A possible explanation for these seemingly contradictory roles of IL-31 might 

depend on tissue specific cell types expressing IL-31 RA. For example, IL-31 receptor 

signaling positively regulates Th2 responses induced by nasal administration of the 
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Japanese cedar polled allergen, but negatively regulates these responses following 

intraperitoneal injection (Saito et al., 2017). Alternatively, we recently demonstrated the 

crosstalk of immune cells and neurons where IL-31 expression indirectly affects IL-4 

expression via the CGRP receptor in neurons.  

 

IL-31 receptor blockade by a humanized anti-human IL-31RA monoclonal antibody, 

Nemolizumab, effectively alleviates itch in patients with atopic dermatitis and prurigo 

nodularis, and improves skin lesions in most patients (Kabashima et al., 2018, 2020; 

Kwatra et al., 2023; Silverberg et al., 2020; Ständer et al., 2020). However, adverse 

effects included unexpected asthma and dermatitis flares in a subset of patients, and 

increased serum concentration of the IL4RA-responsive chemokine TARC (CCL17). 

CCL17, which has been used as the most reliable biomarker for AD, was elevated in 

bronchoalveolar fluid of patients with asthma, and associated with the development of 

murine colitis. Not only did some patients exhibit cytokine abnormalities but patients with 

a history of asthma had a greater incidence of asthma events in a dose dependent 

fashion. Some patients also had in increased incidence of gastroenteritis, (Kabashima et 

al., 2020; Lupancu et al., 2023; Mihara et al., 2019; Silverberg et al., 2020). The clinical 

sequalae that have emerged as side effects of nemolizumab treatment suggest the 

importance of understanding what inputs regulate IL-31 expression in different contexts 

and how the immune response is affected not only in the skin but importantly in the lung 

and intestine as well.  
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Results 

IL-31 Deficiency Results In Accelerated Type 2 Immune Response 

To identify cells that produce IL-31 and determine how IL-31 modulates type 2 immune 

responses in tissues other than skin, we generated Il31 transcriptional reporter mice 

designated Red31 (R31), recombinase expression detector for IL-31 (Fig. 2.1A). Cells 

from these mice contain a knock-in transgene that includes a tandem dimer red 

fluorescent protein (tdTomato) linked by an internal ribosomal entry site (IRES) to a Cre 

element. This transgene replaces the translation initiation site of the endogenous Il31 

gene thus marking cells that would produce IL-31 with tdTomato, while the Cre element 

allows for conditional deletion studies in IL-31 producing cells. Red31 homozygous mice 

Il31R31/R31 (R31/R31) are rendered Il31-deficient. To validate that the Red31 transgene 

disrupts the endogenous Il31 gene and that Red31 tdTomato fluorescence correlates with 

IL-31 production, we sorted Th2 polarized cells from R31/wt mice and assessed Il31 

reads from bulk sequencing data (Fig. 2.1B) 

 

To uncover consequences of Il31 deficiency for allergic inflammation and to determine 

how Il31 deficiency alters IL-13-producing type 2 immune cells in particular, we crossed 

Red31 transgenic mice with Il13 reporter strain Il13Smart/Smart(Smart13) (Liang et al., 2011). 

Combining the Red31 (R31) and Smart13 (Sm13) transgenes allows identification of live 

cells that transcribe Il31 and/or Il13.  In addition, the Red31 transgene interrupts 

endogenous Il31 gene production, so homozygous Red31 transgenic mice (R31.R31) are 

Il31 deficient. Therefore, in experiments performed on R31/R31.Sm13 transgenic mice, 

we can simultaneously assess consequences of Il31 deficiency and detect individual cells 
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that express Red31, Sm13, or both. In this experimental context, we can measure how 

Il31 deficiency impacts Il13 production and alterations in Il13-producing cells. 

 

We challenged Il31R31/R31.Il13Sm/+(R31/R31.Sm13+/wt) mice with 500 larvae of the parasitic 

helminth Nippostrongylus brasiliensis (N.b) to assess systemic mucosal infection in the 

absence of IL-31 (Fig.2.1C). Intestinal worm burden differed at day 5 post infection, at 

which time R31/R31.Sm13+/wt mice had mostly cleared intestinal worms (<40), while 

control mice (Sm13+/wt) had ~125 remaining worms (Fig. 2.1C). By day 7 post infection 

both R31/R31.Sm13+/wt mice and control mice had cleared intestinal worms (Fig. 2.1D).   

 

We assessed inflammation in the lung and gut by flow cytometry and histology at day 5 

post-infection. In the lung N.b. infection induced equally robust proportions of Th2 cells 

expressing the master regulator transcription factor GATA3 and the IL-13 reporter in 

R31/R31.Sm13/wt and control mice (Supp Fig. 2.1A-G). IL-4 and IL-13 production was 

also similar in lung cells restimulated ex vivo for intracellular cytokine staining (Supp Fig. 

2.1H-K). However, the proportion of small intestinal lamina propria (siLP) CD4+ T cells 

expressing GATA3 was 2-fold greater in R31/R31.Sm13/wt mice compared to control 

Sm13+/- (Fig.2.1 E-G). But the proportion of RORgt+ CD4+ T cells did not change (Fig.2.1 

E-G). Additionally, R31/R31Sm13+/- CD4 T cells had increased proportions of IL-13 

reporter expressing cells (Fig.2.1 H,I) with no differences in the overall proportion of 

CD45+  and CD4+ T cells (Fig. 2.1J,K). We assessed mucus production at day 5 post 

infection in the small intestine by PAS staining. More mucus production was detectable 

in R31/R31.Sm13/wt intestinal tissue sections (Fig.2.1L).  These data demonstrate that 

IL-31 attenuates the type 2 immune response to N.b. infection in the gut and suggest that 
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increased type 2 intestinal inflammation accelerates worm clearance in Il31-deficient mice 

versus control mice.  

 

CD4 T cells Are The Predominant Source Of IL-31 In The Lung After Helminth Infection  

To identify all cell types that express IL31 during N.b. infection, we generated a lineage-

tracing mouse strain that enables visualization of cells that have ever expressed Il31 in 

vivo. To generate this strain, termed ‘R31.Ai14’, we crossed R31/R31 mice with mice 

bearing the Cre-activated tdTomato reporter transgene Ai14 (Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze (Madisen et al., 2009). All cells in the heterozygous R31.Ai14 mice bear one 

copy each of R31 and Ai14 transgenes. In these animals, Red31 transgene expression 

induces cell-intrinsic Cre-mediated genomic rearrangement to activate the Ai14 

transgene, which can be visualized as bright stable tdTomato fluorescence. As a result, 

tdTomato fluorescence highlights cells that have ever transcribed Red31 as well as their  

progeny. We confirmed the fidelity of tdTomato fluorescence as an Il31 reporter in 

Red31.Ai14(tdTomato) cells by measuring tdTomato fluorescence and IL-31 protein 

expression from the remaining Il31 allele with a validated anti-mouse IL-31-specific mAb 

specific in fixed, permeabilized cells (Fig. 2.1A). 

 

Next, we inoculated R31.Ai14 mice with 500 N.b larvae via subcutaneous injection to 

identify cells that express Red31(Il31) as part of the inflammatory response to Nb 

infection. To do so, we harvested lung and small intestine on day 5 post infection to 

visualize Il31-expressing cells, which in R31.Ai14 mice are detectable by cell-intrinsic 

tdTomato expression. Immunofluorescence microscopy of lung tissue sections at this 

timepoint demonstrated many more R31.Ai14(tdTomato+) cells in Nb-infected mice verus 
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mock-infected R31.Ai14 control animals, indicating that Nb infection induces proliferation 

of pre-existing Il31-expressing cells, de novo expression of Il31 in other cells, and/or 

recruitment of Il31-expressing cellss from other tissues (Fig 2.2B). Many of the 

R31.Ai14(tdTomato)+ cells in Nb infected lung sections co-expressed the pan-T cell 

marker CD3+ and were located near neurons in the peribronchial adventitia (Fig 2.2F, 

right panel).  

 

Further characterization of R31.Ai14(tdTomato+) CD45+ cells in Nb-infected lung by 

FACS revealed that most tdTomato+ cells were CD90+ (lymphoid) cells. Most of these 

were CD3+ (T cells) (Fig 2.2, left panel, Supp 2.3 A,B) of the CD4+ lineage (Fig 2.2, right 

panel). However, this approach also exposed substantial R31.Ai14(tdTomato+) 

populations that were CD90+ but CD3-, i.e. lymphoid cells other than CD3+ T cells. 

Together, these data suggest that other lung lymphoid cell subsets such as B cells, NK 

cells, or innate lymphoid cells can express Il31 during Nb infection. Subset analysis of the 

R31.Ai14(tdTomato+) CD3+ CD4neg T cells showed similar proportions of CD8+ and CD8- 

cells. The latter may include gdT cells, NK T cells, or MAIT cells.  

 

We also performed immunofluorescence microscopy to reveal the localization of 

R31.Ai14(tdTomato+) cells in small intestine (duodenal) tissue sections at day 5 post 

infection. Small intestine tissue sections were stained for CD45, CD3, and RFP. 

Immunofluorescence images confirmed that the majority of R31.Ai14(tdTomato+) cells in 

the intestine are CD3+ T cells that are intraepithelial, in the lamina propia, or found in 

areas where other immune cell populations localize (Fig 2.3C. Supp Fig. 2.4 A, B. Supp 

Fig 2.5 A,B). In the small intestine on Nb infection day 5, CD4 T cells (gated 
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CD90+CD3+CD4+) comprised almost all of the CD45+ R31.Ai14(tdTomato+) cells. We 

detected a few R31.Ai14(tdTomato+) lymphoid non-T cells (CD90+CD3-) and a few 

CD90+CD3+CD4- cell (i.e. T cells other than CD4s) in Nb-infected small intestine, but 

these represented smaller proportions than in lung. Similarly, the proportion of 

CD45+CD90.2+CD3- (non-T) lymphocytes within the R31.Ai14(tdTomato+) gate was 

smaller in small intestine compared to lung (Fig 2.2 A,B). 

 

Together, these imaging and flow cytometry data from R31.Ai14(tdTomato+) reporter 

transgenic mice indicated that CD4+ T cells comprise the majority of Il31-expressing cells 

induced during type 2 anti-helminth immune responses in both the lung and the small 

intestine and motivate further examination of Il31 expression in CD4 T cells.  

 

Discussion  

IL-31 biology has long been associated with itching and type 2 inflammatory skin diseases 

(Cevikbas & Steinhoff, 2012; Dillon et al., 2004; Sonkoly et al., 2006), but emerging 

evidence for extracutaneous side effects of biologics that target the IL-31 signaling 

pathway underscore the equal biological relevance of IL-31 in lung and gut immune 

responses (Ruzicka et al., 2017; Silverberg et al., 2021; Sofen et al., 2023). However, 

unanswered questions remain regarding which specific cell types produce IL-31 in vivo, 

what factors positively or negatively regulate IL-31 production in these cells, and what the 

functional consequences of IL-31 production in organs other than skin may be.  

 

To highlight individual cells that produce IL-31 in response to a type 2 inflammatory 

stimulus in both lung and gut, we took advantage of the life cycle of Nippostrongylus 
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brasiliensis (Nb), a parasitic nematode that burrows into skin before invading lung 

parenchyma, where it is coughed up and swallowed for eventual excretion through the 

gastrointestinal tract(Bouchery et al., 2017; Camberis et al., 2003). While Nb is not very 

inflammatory in skin, its presence triggers robust, well-characterized type 2 immune 

responses in both lung and gut (Harvie et al., 2010; Maizels & Gause, 2023; Seidl et al., 

2011). We were able to definitively identify Il31-producing cells in Nb-infected lung and 

gut by measuring expression of Red31, a novel tdTomato fluorescent protein knock-

in/knock-out Il31 reporter transgene we generated for this purpose. In uninfected mice, 

Red31-expressing cells were rare. However, shortly after Nb infection we recorded 

substantial increases in Red31(tdTomato)-expressing cells in lung and in gut. These 

Red31(tdTomato)-expressing cells in Nb-infected mice were predominantly lymphoid 

cells, and mostly CD4 T cells, analogous to what we observed by intracellular monoclonal 

antibody staining for intracellular IL-31 protein production in a skin allergy model (Fassett 

et al., 2023). However, during Nb infection the relative proportion of Red31+ cells in the 

T cell verus n on-T cell lymphocyte compartment differed by organ. Specifically, we 

observed a sizeable population of Red31+ CD90+ CD3- cells in the gut, but even higher 

proportion of these in the lung, indicating that other non-T cell lymphoid cell types such 

as innate lymphoid cells, and B cells may be a biologically-meaningful source of IL-31 in 

this anatomical niche.  

 

We also report evidence that endogenous IL-31 production negatively regulates type 2 

cytokine production and Nb worm clearance. In Red31 homozygous transgenic mice, 

which are Il31-deficient, we observed more IL-13-producing CD4 T cells and decreased 

small intestine worm counts, indicating more robust and/or efficient type 2 inflammatory 
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responses clear the parasites when Il31 is not expressed. This finding is consistent with 

previous reports that mice deficient in one subunit of the heterodimeric IL-31 receptor, 

Il31RA, exhibit exacerbated type 2 inflammation in response to another intestinal parasite, 

Trichuris trichiura (Perrigoue et al., 2009). We hypothesize that Il31-dependent negative 

regulation of type 2 inflammation-dependent Nb worm clearance requires the same 

TRPV1+IL31RA+CGRP+ sensory neuron-dependent regulatory circuit we recently 

described in HDM dermatitis (Fassett et al., 2023).  Further identifying the responding cell 

types in the lung and gut could lead to a better understanding of the of the differences in 

relative contribution of IL-31 to the immune response in the lung and gut. 

 

Methods 

IL-31 reporter mice 

R31 IL-31 mice were generated using homologous gene targeting in C57BL/6  embryonic 

stem cells. The previously published plasmid pK0915-DT(Lexicon) containing Basop8 

reporter (Lelievre et al., 2007) was modified to express tdTomato, such that the cassette 

now contained genomic sequence of the rabbit b-globin gene partial exon 203, the gene 

encoding tdTomato (Clontech), encyphalomyocarditis virus IRES, humanized Cre 

recombinase, bovine growth hormone poly(a), and a loxP-flanked neomycin resistance 

cassette. Homologous arms straddling the Il31 translation initiation site were amplified 

from C57BL/6 genomic DNA using Phusion polymerase and cloned into the cassette. The 

construct was then linearized and transfected by electroporation into C57BL/6 embryionic 

stem cells. Cells were grown on irradiated feeders with aminoglycoside in the media. 

Neomycin-resistant clones were screened and positive clones were selected, tested, and 
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injected into blastocysts. Male and female R31/+ offspring were intercrossed to yield 

R31/R31 homozygotes.  

 

Mice 
 
Female and male age and sex matched mice were used between 8-15 weeks of age (4-

6 weeks for in vitro T cell culture assays). Red31 reporter mice were crossed with IL-13 

reporter Smart13 (B6.129S4(C)-Il13tm2.1Lky/J) mice and were obtained or generated as 

described (Liang et al) to generate R31/R31.Sm13+/wt. mice. These mice were then 

crossed to B6 constitutive Cas9-expressing mice (Platt et al., 2014) to generate the 

R31/R31.Sm13+/wt.GFPCas9 mice used for the CRISPR screen. All mice were housed 

and bred in specific pathogen-free conditions in the Animal Barrier Facility at the 

University of California, San Francisco. Euthanasia procedures and experimental 

protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of 

the University of California, San Francisco.  

 

Nippostrongylus brasiliensis infection  

Mice were infected with 500 N. brasiliensis third stage larvae (L3) and were euthanized 

at the indicated timepoints for analysis of the mediastinal and mesenteric lymph nodes, 

lungs, and small intestine.  

 

Tissue Processing 

Whole lungs were minced and digested by gentle shaking in 5 mL of HBSS with 0.1 

WU/mL Liberase TM (Roche) and 25µg.mL DNAse I (Roche) for 30 minutes at 37°C, and 

then mechanically dissocatied using GentleMACS C tubes (Miltenyi Biotec) followed by 
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a 70µM filter.  Small intestinal lamina propria were processed as described (O’Leary et 

al., 2021).Lymph nodes were dissociated into single-cell suspension and passed through 

70μM filter. Lungs were digested with 1.2mg/mL of Collagenase D (Roche) and 10U/mL 

of deoxyribonuclease I (Roche) for 30min at 37°C and dissociated with gentleMACS 

dissociator (Miltenyi Biotec). Enzymatic reaction was inhibited with cold PBS with 2% fetal 

bovine serum(FBS) (Omega). Cells were filtered through 70μM filter, pelleted through 

centrifugation and incubated with ACK Lysis Buffer (Gibco) to remove red blood cells 

before final suspension in PBS with 2% FBS. 

 

Periodic Acid Schiff Stain  

Lungs and small intestine were collected and fixed in formalin, paraffin embedded, 

sectioned, placed on glass slides, stained with Periodic Acid Schiff (PAS), digitally 

scanned on the Aperio AT2 scanner (Leica Biosystems, Inc) creating whole slide images 

(WSIs), and then uploaded to the HistoWiz cloud platform. 

 

Histology 

Mouse tissues were fixed in 10% formalin, embedded in paraffin, sectioned and stain with 

haematoxylin and eosin. The images were digitally scanned on the Aperio AT2 scanner 

(Leica Biosystems, Inc) creating whole slide images (WSIs), and then uploaded to the 

HistoWiz cloud platform. 

 

Flow Cytometry 

FC receptors of cells were blocked with anti-mouse CD16/32 (BioXCell). Cells were 

surface stained with anti-mouse monoclonal antibodies from BioLegend and BD 
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Biosciences including anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-CD45.1 (A20), anti-

CD45.2 (104). Dead cells were excluded with Fixable Viability Dye eFluor780 

(eBiosciences). Samples were collected with BD Fortessa and analyzed with FlowJo 

software (TreeStar). For intravascular staining, mice were anesthetized and injected with 

2μg of anti-mouse CD45 (30-F11) in 100uL PBS by iv for ~3min and euthanized by CO2 

asphyxiation. For intracellular IRF4 expression, cells were fixed and permeabilized using 

Foxp3Transcription Factor Staining Buffer Set (eBiosciences).  

 

Immunofluorescence  

200um thick sections of proximal small intestine and lung were cut, washed in PBS and 

then blocked (24 hours 37°C, DPBS/0.3% TritonX-100/1% secondary-host serum/1% 

BSA). Samples were incubated in primary antibodies diluted in blocking solution (37°C, 

48-72 hours), washed for 2 hours 3 times and incubated in secondary antibodies (37°C, 

24 hours).  

  

Imaging Antibodies 

Primary antibodies used for murine imaging include rabbit anti-dsRed (Takara 632496, 

1:400), goat anti-RFP (Rockland, 200-101-379, 1:400), rat anti-CD49f AF647 (Biolegend, 

313610, 1:200), rat anti-CD49f AF488 (Biolegend, 313608, 1:200), rat anti-alpha Smooth 

Muscle Actin (Biotium, BNC040665, 1:100), rabbit anti-PGP9.5 (Abcam, ab108986, 

1:200), rat anti-CD45 (Biolegend 103124 1:200), rat anti-CD3 (Biolegend 100209 1:200), 

rabbit anti-proSurfactant (Abcam, ab211326, 1:400). Secondary antibodies were used as 

necessary at protocol-specific concentrations, conjugated to A488, A555, AF594, and 

A647 (Life Technologies, Thermo-Fisher). 
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Confocal microscopy 

Confocal images (for thick sections and T-cell quantification) were imaged using a Leica 

SP8 Upright laser-scanning confocal equipped with a 405nm laser and adjustable white 

light laser for excitation and imaging with 20x water immersion. 

 

Image analysis 

z-stacks were rendered in 3D and qualitatively analyzed using Bitplane Imaris v10.2 

software package (Andor Technology PLC, Belfast, N. Ireland). Two slices per mouse and 

two animals per condition were analyzed. Representative images from each.  
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Figures  

 

 
Figure 2.1 Accelerated worm expulsion and increased inflammation in the small 
intestine (a) Schematic or Red31 (R31) cassette (b) Il31 reads from bulk sequencing of 
in vitro differentiated Th2 cells. (c) Schematic of N.b infection model (d) Quantification of 
intestinal worm burden at day 5 and day 7 post infection. (e) Representative FACS plot 
showing RORgt and GATA3 expression of CD3+C4+ T cells from N.b infected mice on 
day 5 (f,g) Quantification of RORgt and GATA3 expression of CD3+C4+ T cells from N.b 
infected mice on day 5 (h) Representative FACS plot of Sm13+CD4+ T cells from small 
intestine of N.b infected mice on day 5 (i) Quantification of Sm13+ (IL-13 reporter) CD4+ 
T cells from small intesting of N.b infected mice on day 5 (j,k) Quantification of CD45+ 
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and CD4+ cell populations in the small intestine at day 5 post N,b infection (l) Periodic-
Acid Schiff staining of small intestine at day 5. (m) Representative image of H&E stain of 
the small intestine on day 5.  
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Figure 2.2 CD4+ T cells express IL-31 in the lung and intestine 
(a) Schematic of N.b infection of Red31/wt.Ai14 mice (b)Immunofluorescent images of 
sham infected (left) and N.b infected (right) lung day 5 post infection (c) Representative 
FACS plot of frequency of CD90.2+, CD3+, and CD4+ populations expressing tdTomato 
at day 5 in the lung  (d)Immunofluorescent images of sham infected (left) and N.b 
infected (right) small intestine at day 5 post infection (c) Representative FACS plot of 
frequency of CD90.2+, CD3+, and CD4+ populations expressing tdTomato at day 5 in 
the small intestine 
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Supp Figure 2.1 Day 5 post Nb infection                                                                    
(a) Representative FACS plot showing RORgt and GATA3 expression of CD3+C4+ T 
cells from N.b infected mice on day 5 (b,c) Quantification of RORgt and GATA3 
expression of CD3+C4+ T cells from N.b infected mice on day 5 (h) Representative 
FACS plot of Sm13+CD4+ T cells from small intestine of N.b infected mice on day 5 (i) 
Quantification of Sm13+ (IL-13 reporter) CD4+ T cells from small intesting of N.b 
infected mice on day 5 (j,k) Quantification of CD45+ and CD4+ cell populations in the 
small intestine at day 5 post N,b infection (l) Periodic-Acid Schiff staining of small 
intestine at day 5. (m) Representative image of H&E stain of the small intestine on day 
5.  
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Supplemental Figure 2.2 Sham infected lung at day 5                                                  
(a) Representative immunofluorescence (IF) image of sham infected (PBS treated) right 
lobe of  lung day 5 (b) 50µm zoom (IF) image of right lobe lung showing CD3 population 
(yellow, left), tdTomato (red, middle), and merged (orange, right) 

 
  

a Sham - Lung 

CD3+ tdTomato (R31) Mergedb
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Supplemental Figure 2.3 N.b infected lung at day 5                                                  
(a) Representative immunofluorescence (IF) image of N.b. infected (PBS treated) right 
lobe of  lung day 5 post N.b infection. (b) 50µm zoom (IF) image of right lobe lung 
showing CD3 population (yellow, left), tdTomato (red, middle), and merged (orange, 
right) after N.b infection 

  

b

a N.b infected - Lung 

CD3+ tdTomato (R31) Merged
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Supplemental Figure 2.4  Sham infected small intestine at day 5(a) Representative 
immunofluorescence (IF) image of sham treated small intestine (duodenal) section day 
5 post N.b infection. (b) 50µm zoom (IF) image of small intestine (duodenal) section 
showing CD3 population (yellow, left), tdTomato (red, middle), and merged (orange, 
right) after N.b infection 
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CD3+ tdTomato (R31) Merged

a

c

b
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Supplemental Figure 2.5 N.b  infected small intestine at day 5.                               
(a) Representative immunofluorescence (IF) image of N.b. infected small intestine 
(duodenal) section day 5 post N.b infection. (b) 50µm zoom (IF) image of small intestine 
(duodenal) section showing CD3 population (yellow, left), tdTomato (red, middle), and 
merged (orange, right) after N.b infection  
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Supp Figure 2.6 Lymphocyte populations remain unchanged after day 5  
(a, b, c, d) quantification of percentages of lymphoid cell population in the lung at day 5 
post infection (e) FACS plot of CD3+ T cells, overall of Red31 reporter expressing CD4+ 
and CD8+ T cells over non-reporter expressing CD4+ CD8+ T cells in the lung. (f, g, h, 
i) quantification of percentages of lymphoid cell population in the gut at day 5 post 
infection (j) FACS plot of CD3+ T cells, overall of Red31 reporter expressing CD4+ and 
CD8+ T cells over non-reporter expressing CD4+ CD8+ T cells in the gut.   
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CHAPTER 3: MOLECULAR REGULATORS OF IL31 EXPRESSION 
 
Introduction  

These data show that the IL-31 – IL-31RA axis is important in the regulation of not only 

itch but also in moderating type 2 immune responses. However, the mechanisms that 

control the production of IL-31 remain largely understudied. Il31 mRNA and IL-31 protein 

can be detected in the skin of patients with atopic dermatitis, but IL-31 levels do not 

always correlate with atopic dermatitis disease activity making it a poor biomarker for 

AD(Murdaca et al., 2019; Sonkoly et al., 2006). Thus far, NFAT, JunB and STAT6 have 

been implicated in IL31 transcription (Hwang et al., 2015; Park et al., 2012). Investigation 

of patients with Dedicator of cytokinesis protein 8 (DOCK8) deficiency-related hyper IgE 

syndrome resulted in the discovery of an upstream regulation pathway of IL-31. DOCK8 

loss-of-function mutations led to a combined immunodeficiency with elevated IgE serum 

levels, eosinophilia, decreased number of B and T cells, as well as severe atopic 

dermatitis with increased IL-31 expression(Yamamura et al., 2017). Based upon the 

variable levels of IL-31 in AD patient skin and data showing that IL-31 could promote type 

2 immune responses it is very likely that there are additional inputs of IL31 transcription.  

 
 
Results 

 
Discovery And Validation Of IL-31 Regulators Using A Pooled CRISPR Screen  

To identify potential regulators of IL-31, we used a pooled CRISPR-screening approach 

in primary mouse Th2 cells (Fig. 3.1A). A targeted library consisting of 20,000 single 

guide RNA (sgRNA) sequences that target transcription factors, kinases, phosphatases 

and metabolism-associated genes was generated from the Brie library (Doench et al., 

2016). We used a retroviral vector with a Thy1.1 transduction marker gene to introduce 
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the library into T cells isolated fromR31.IL13SmCas9GFP (Platt et al., 2014) mice that were 

cultured in vitro under Th2 differentiation conditions. Using FACS to select for GFP+ 

Cas9-transgenic Thy1.1+ retrovirally infected cells, we sorted the highest (R31high) and 

lowest (R31low) R31-expressing cells (Fig. 3.1A). sgRNA sequences were amplified and 

sequenced from each population, and analyzed with MAGeCK software to systematically 

identify sgRNAs that were enriched or depleted in R31low cells relative to R31high cells. 

This screen revealed several regulators of R31 expression, including stromal interaction 

molecule 1 (Stim1) and interferon regulatory factor 4 (Irf4), (Fig. 3.1B,C). We also 

identified several other established regulators of other Th2 cytokines including Il4ra and 

Satb1, providing further confidence in our screen and hits. To validate the effects on R31 

expression, we assessed ten of the top-ranking regulators by inducing individual CRISPR 

knockouts with T cell transfection with pre-assembled Cas9 ribonucleoproteins (RNPs) 

(Schuman, 2015). The effects on R31 expression were consistent across multiple guide 

RNAs targeting several candidate  positive regulators (Fig. 3.1D). 

 

The screen strongly identified Stim1 as a positive regulator of IL-31. Cas9 RNPs targeting 

Stim1 consistently and robustly decreased the expression of both R31 (Fig. 3.2A,B) and 

endogenous IL-31 protein (Fig.3.2C,D) in in vitro differentiated mouse Th2 cells. 

Production of IL-4 was also reduced (Fig. 3.2C, E). Since STIM1 functions as a calcium 

sensor in the endoplasmic reticulum (Zhang et al., 2005), we tested whether calcium 

signaling pathway inhibitors also affect IL-31 expression in vitro (Fig.3.2 H). We first 

assessed the role of calcium signaling in IL-31 expression by blocking calcium release-

activated channels (CRAC), which are plasma membrane store-operated calcium entry 

(SOCE) channels opened by STIM when calcium ions are depleted from intracellular 
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stores in the endoplasmic reticulum. The SOCE inhibitor BTP2 was previously shown to 

inhibit pro-inflammatory cytokine production from immune cells in vitro and in vivo 

(Meizoso-Huesca & Launikonis, 2021; Srikanth et al., 2012; Zhang et al., 2005). Primary 

mouse CD4 T cells were isolated and differentiated under Th2 conditions in vitro, then 

pretreated with or without BTP2 for 10 minutes before activation with the phorbol ester 

PMA and the calcium ionophore Ionomycin. BTP2 abrogated R31 reporter and 

endogenous IL-31 protein expression (Fig.3.2I). Cyclosporin A (CsA) inhibits calcineurin, 

a calcium-dependent phosphatase that acts downstream of SOCE to regulate the 

localization of NFAT, a critical transcription factor for T cell activation and cytokine gene 

transcription (Luo, Burgeon, et al., 1996; Luo, Shaw, et al., 1996; Randak et al., 1990; 

Serafini et al., 1995). Like BTP2, CsA treatment completely blocked R31 reporter and IL-

31 protein expression (Fig. 3.2I, right), consistent with prior evidence that CsA inhibits 

Il31 mRNA expression in CD4+ T cells (Hwang et al., 2015). As expected, the production 

of the canonical Th2 cytokines IL-4 and IL-13 were also completely blocked by 

pretreatment with CSA or BTP2 (Fig 4J). Together these findings substantiate the results 

of our screen by confirming an upstream pathway involved in IL-31 expression.  

 

IRF4 Negatively Regulates The Expression Of IL-31 In Mouse Th2 Cells  

The transcription factor IRF4 was the most potent negative regulator of R31 identified in 

the screen. To further define the role of IRF4 in IL-31 expression, we targeted Irf4 using 

Cas9 RNPs transfection in Red31 transgenic T cells cultured under Th2 differentiation 

conditions. Targeting Irf4 induced a robust increase in R31 reporter expression compared 

to the non-targeting sgRNA control (Fig 3.3A,B). In WT Th2 cells, we observed a 3-fold 

increase in the frequency of IL-31 protein production by Irf4 targeted cells compared to a 
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non-targeting sgRNA control (Fig. 3.3C,D), demonstrating that IRF4 regulates 

endogenous lL-31 expression as well. This increase in IL-31 was not correlated with any 

significant change in the production of the canonical Th2 cytokines, IL-4 (Fig. 3.3C,E) or 

IL-13 (Fig. 3.3F,G). Intracellular co-staining for IRF4 and IL-31 showed the efficiency of 

Irf4 sgRNA targeting in transfected cells and revealed selective production of IL-31 by 

IRF4– cells (Fig. 5H). Cell proliferation was also unaffected by Irf4 sgRNA compared with 

non-targeting control sgRNA in Th2 differentiation cultures (Fig. 3.3I). These data 

demonstrate that IL-31, a cytokine previously described to be primarily secreted by Th2 

cells, is subject to regulatory mechanisms distinct from those that control the expression 

of canonical Th2 cytokines. 

 

We sought to understand the cell-intrinsic impact of Irf4 on Il31 expression. To do so, we 

performed the necessary crosses to generate transgenic mice that carry one copy of the 

R31 transgene, which encodes a humanized Cre recombinase element (hCre, see Fig 

2.1A), and two floxed Irf4 alleles (B6.129S1-Irf4tm1Rdf/J) (Klein et al., 2006). This 

combination of transgenes (R31.Irf4flox/flox) drives selective, conditional deletion of Irf4 only 

in cells that have ever expressed Il31 (Fig.3.3I). In in vitro Th2-polarized CD4 T cell 

cultures, R31+ cell-specific Irf4 deletion (R31.Irf4fl/fl) resulted in 2-fold increases in R31 

reporter transgene expression compared to Irf4 WT controls (Fig 3.3J,K). Th2 cultures of 

cells that carried one functional copy of Irf4 (R31.Irf4flox/WT) resulted in intermediate R31+ 

expression, indicating Irf4 mediates dose-dependent repression of Il31 (Fig. 3.3K).  

 

To determine the effects of Irf4 deletion in IL-31 expressing cells in vivo, we inoculated 

mice with N.brasiliensis and assessed worm burden at Day 7 (Fig. 3.3L). R31.Irf4fl/fl mice 
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showed a significant retention of worms in the siLP compared to control (Fig. 3.3M). 

These data suggest that an increase in IL-31 expression, driven by the absence of Irf4 in 

IL-31 expressing cells, was sufficient to increase worm intestinal burden, a phenotype 

complementary to the accelerated worm clearance of Il31-deficient mice (Fig. 2.1D). 

Together, these data support an important role for Irf4 regulation of IL-31 both in vitro and 

in vivo.  

 

IRF4 Negatively Regulates The Expression Of IL-31 In Human Th2 Cells  

To test whether IRF4 also functions as a negative regulator of IL31 in primary human T 

cells, we targeted Irf4 using Cas9 RNP transfection of CD4+ T cells isolated from 

peripheral blood mononuclear cells (PBMCs) and cultured in vitro under Th2 

differentiation conditions (Fig 3.4A). Control cells were targeted at the safe harbor locus 

AAVS1, as disruption of this locus does not affect T cell growth or differentiation 

(Carnevale et al., 2022; Hayashi et al., 2020). We also targeted the IL31 coding region 

as a positive control for loss of IL-31 expression. Transfected cells from several donors 

were restimulated on day 13 to induce cytokine production and processed for intracellular 

cytokine staining and flow cytometry to assess IL-31, IL-4 and IL-13 (Fig. 3.4B-F).  

 

We observed robust Th2 differentiation, as indicated by IL-4 production, in cells from most 

donors (Fig. 3.4B,C). Less than 5% of AAVS1-targeted control Th2 cells produced IL-31. 

However, the proportion of IL-31 producing cells was significantly increased when the 

same cells were targeted using the Irf4 sgRNA, with some donors having a 5-fold 

difference in IL-31 producing cells (Fig. 3.4B,C). Targeting the IL31 coding region reduced 

IL-31 production as expected, with no effect on IL-4 production (Fig 6B-D). Targeting Irf4 
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modestly increased the proportion of IL-4 producing cells (Fig. 3.4B,C) but decreased IL-

13 producing cells in most donors, despite considerable variability (Fig. 3.4E,F). 

Intracellular staining for transcription factors showed that sgRNAs targeting Irf4 induced 

loss of IRF4 protein in a fraction of electroporated cells, and that those same cells 

expressed lower quantities of GATA3 (Fig. 3.4G), consistent with previous reports that 

IRF4 induces GATA3 in Th2 cells(Ahyi et al., 2009; Krishnamoorthy et al., 2017). Taken 

together, these data demonstrate that IRF4 is a potent negative regulator of IL-31 

production, and that this function is conserved in mouse and human Th2 cells. 

 

Discussion  

While other groups also reported increased type 2 inflammation and/or type 2 cytokine 

production in the absence of Il31 (Bilsborough et al., 2010; Perrigoue et al., 2007, 2009), 

this observation remains confusing because CD4 T cells are a key source of canonical 

type 2 cytokines IL-4 and IL-13. In fact, very little is known about what regulates IL-31 

production in T cells. Now, with the Red31 transgene available as a sortable marker in 

live cells, we were able to apply CRISPR screening technology for discovery of factors 

that activate or repress Il31 production.  

 

The high-throughput molecular screen we performed to identify activators and repressors 

of Red31(Il31) production in T cells.  This approach successfully highlighted multiple Il31 

regulators with clear biological relevance to type 2 inflammation, including candidate 

genes for which concordant molecular or clinical data exists.  
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One notable example is Il4ra, a subunit common to both type I and type II IL-4 cytokine 

receptors and the pharmacologic target of dupilumab (Chang & Nadeau, 2017), which we 

identified as a positive regulator of Il31. These data indicate that signaling by one or both 

IL-4 receptor ligands (IL-4 or IL-13) is required for Il31 production and suggest that 

pharmacological inhibition of IL4RA in atopic dermatitis patients is likely to reduce IL31 

production too (Chang & Nadeau, 2017b; Chiricozzi et al., 2020).  Our finding accords 

with a known IL-4 signaling requirement for IL31 transcription(Maier et al., 2014; Stott et 

al., 2013), and clinical data showing reduced serum IL-31 in dupilumab-treated atopic 

dermatitis patients (Kishi et al., 2023).      Similarly, our CRISPR screen highlighted 

calcium signaling requirements for mouse Il31 production. Il31 transcription required 

Stim1, which encodes an endoplasmic reticulum calcium sensor required for store 

operated calcium entry (SOCE)-dependent calcium signaling (Gwack et al., 2007; Vaeth 

et al., 2020). Inhibitor studies confirmed that Il31 production requires multiple nodes in 

the pathway from ER calcium flux to NFAT-mediated transcription. These results affirm 

previous molecular studies and clinical data showing serum IL-31 concentrations in AD 

patients decrease secondary to calcineurin-dependent NFAT dephosphorylation after 

cyclosporin treatment (Otsuka et al., 2011; Park et al., 2012). 

 

In contrast, transcription factor Irf4 repressed Il31 production.  The impressive magnitude 

of Irf4 CRISPR editing on mouse Il31 (up 2-fold) & its opposite directional effect on Il4 

was surprising given that co-expression of these cytokines in Th2 cells is frequently 

observed(Bilsborough et al., 2006; Fassett et al., 2023). In fact, IRF4 is required for 

expression of Th2 lineage-specifying transcription factor Gata3 and Th2 differentiation 

(Lohoff et al., 2002), which we observed in primary human Th2 cultures as decreases in 
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GATA3 and IL4 expression in IRF4-edited (IRF4-low) cells. On this basis, one might 

predict a global decrease in Th2 differentiation would secondarily reduce IL31 expression. 

However, that we observed the opposite – increased IL31 expression in IRF4-edited cells 

– suggests an additional, GATA3- and IL-4-independent IRF4 pathway also represses 

IL31. Our consistent evidence of Irf4-dependent Il31 repression in mouse and human Th2 

cells indicates that the Irf4 mediated pathways that distinguish Il31 repression from Th2 

differentiation are evolutionarily conserved.  

 

The organismal effect of Irf4-mediated Il31 repression during an type 2 immune response 

to Nb is highlighted by our experiments in transgenic mice we engineered for selective 

Irf4 deletion only in Red31(Il31)+ cells. During Nb infection these Red31.Irf4fl/fl mice 

produced more small intestinal Il4/Il13+ T cells and by day 5 harbored fewer Nb worms, 

a near-phenocopy of global Il31KO mice infected with Nb. This result is particularly 

striking if one considers two facts about Red31.Irf4fl/fl mice: First, that abundant 

populations of type 2 and Irf4+ lymphoid and myeloid lineage cells are unaffected by 

Red31 cell-specific Irf4 deletion. Second, that Red31(Il31)-expressing cells are very rare 

in uninfected animals, and only modestly increase in lung and small intestine in the setting 

of Nb infection. Clearly, we have much to learn about the in vivo biology and potent 

immunoregulatory effects of these under-detected and under-appreciated cells. 
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Methods 

In Vitro Cell Cultures 

Primary CD4+ mouse T cells were isolated from mouse peripheral lymph nodes and 

spleen using EasySep Mouse CD4 Negative Isolation Kit (StemCell Technologies) 

according tothe manufacturer’s instructions. Cells were stimulated with immobilized 

biotinylated anti-CD3 84(clone 2C11, 0.25 μg/mL, BioXcell) and anti-CD28 (clone 37.51, 

1 μg/mL, BioXcell) bound to Corning cell culture dishes coated with Neutravidin (Thermo) 

at 10 μg/mL in PBS for 3 h at 37°C. Cells were left on stimulation and treated with 10μg/mL 

of anti-interferon gamma (αIFNγ) and IL-4 supernatant for 3 days before being transferred 

to non-coated dishes in T cell medium supplemented with recombinant human IL-2 (20 

U/mL) and 10μg/mL of αIFNγ . For re-stimulation, cells were treated with 20nM phorbol 

12-myristate 12-acetate (PMA) and 1 μM ionomycin (Sigma) for 4hours before harvest. 

 

CRISPR Editing of T cells 

Guide RNA sequences were selected using the Benchling online CRISPR design tool 

(https://benchling.com/crispr) with guides selected to target genomic regions identified by 

the CRISPR screen. Synthetic crRNAs and tracrRNA (Dharmacon) were resuspended in 

water at 160 μM at 1:1 ratio and allowed to hybridize at 37 c for 30 m. This annealed 

gRNA complex (80 μM) was then mixed 1:1 by volume with 40 μM S. pyogenes Cas9-

NLS (University of California Berkeley QB3 Macrolab) to a final concentration of 20 μM 

Cas9 ribonucleotide complex (RNP). The diluted gRNA:Cas9 RNPs along with a random 

200bp single-stranded DNA fragment were nucleofected into primary human (48 hours 

after stimulation) or mouse CD4 T cells (24 hours after stimulation) with the P3 Primary 

Cell 96-well Nucleofector ™ Kit. Cells were pipetted into pre-warmed media and then 
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returned to anti-CD3 and anti-CD28 stimulation for another 2 days for primary mouse T 

cells or 1 day for primary human T cells . Unless otherwise stated, control-edited T cells 

were targeted with the AAVS1 sequence GGGCCACTAGGGACAGGAT.  

 

Retrovirus production 
 
Platinum-E (Plat-E) Retroviral Packaging cells (Cell Biolabs, Inc., Cat# RV-101) were 

seeded at 10 million cells in 15 cm poly-L-Lysine coated dishes 16 hours prior to 

transfection and cultured in complete DMEM, 10% FBS, 1% pen/strep, 1 μg/mL 

puromycin and 10 μg/mL blasticidin. Before transfection, the media was replaced with 

antibiotic free complete DMEM, 10% FBS. The cells were transfected with the sgRNA 

transfer plasmids (MSCV-U6-sgRNA-IRES-Thy1.1) using polybrene. The next day, the 

media was replaced with complete DMEM, 10% FBS, 1% pen/strep. The viral supernatant 

was collected 48 hours post transfection and filtered through a 0.45 μm, polyethersulfone 

sterile syringe filter (Whatman, Cat# 6780-2504), to remove cell debris. The viral 

supernatant was aliquoted and stored until use at -80°C.  

 

Quantification and Statistical Analysis 

Excel (Microsoft), Prism (GraphPad), Flowjo (TreeStar), MAGeCK(v0.5.7)  were used for 

data analysis. Individual statistical tests performed are included in the data legends. All 

data was assumed to be normally distributed unless stated otherwise. 
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Figures 

 

Figure 3.1 Discovery and validation of IL-31 regulators using a pooled CRISPR 
screen (a) schematic of experimental design for transduction of sgRNA library via 
CRISPR-Cas9 and selection via reporter expression (b) Volcano plot of CRISPR screen 
hits (c) Distribution of top guides (d) IL-31 expression by CD4+ T cells assessed via 
intracellular cytokine staining for positive regulators of IL-31  
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Figure 3.2 IL-31 expression is calcium dependent and is positively regulated by 
Stim1 (a) FACS plot of non-targeting control (NTC) and Stim1 targeted CD4+ T cells, 
assessing Red31 reporter expression. (b) quantification of reporter expression from 
CD4+ T cells (c) FACS plot of non-targeting control (NTC) and Stim1 targeted CD4+ T 
cells assessing IL-4 and IL-31 protein expression. (d), (e) quantification of IL-4 and IL-
31 expression via intracellular cytokine staining of CD4+ T cells. (f) Schematic of 
calcium signaling and treatment with either CSA or BTP2 (h) Quantification of R31 
expression from in vitro differentiated Th2 cells treated with CSA or BTP2 after 
stimulation with PMA and Ionomycin (i) FACS plot of IL-31 expression of CD4+ T cells 
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from in vitro differentiated Th2 cells treated with CSA or BTP2 after stimulation with PMA 
and Ionomycin. (j) quantification of IL-31 expression via intracellular cytokine staining of 
in vitro differentiated Th2 cells treated with CSA or BTP2 after stimulation with PMA and 
Ionomycin. (k) FACS plot of IL-4 and IL-13 expression by in vitro differentiated Th2 cells 
treated with CSA or BTP2 after stimulation with PMA and Ionomycin 
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Figure 3.3 IRF4 negatively regulates the expression of IL-31 in mouse Th2 cells  
(a) FACS plot of non-targeting control (NTC) and Irf4 targeted CD4+ T cells, assessing 
Red31 reporter expression. (b) quantification of reporter expression from CD4+ T cells. 
(c) FACS plot of non-targeting control (NTC) and Irf4 targeted CD4+ T cells assessing IL-
4 and IL-31 protein expression. (d), (e) quantification of IL-4 and IL-31 expression via 
intracellular cytokine staining of CD4+ T cells. (f),(g) FACS plot and quantification of IL-
13 and IL-31 expression via intracellular cytokine staining of CD4+ T cells. (h) FACS plot 
of IRF4 and IL-31 expression in NTC and Irf4 sgRNA targeted CD4+ T cells. (i) CTV 
labeling of NTC and Irf4 sgRNA targeted CD4+ T cells. (j) schematic of generation of 
Red31+/wt.Irf4fl/fl mice. (k) FACS plot of in vitro differentiated Th2 cells from 
Red31+/wt.Irf4fl/fl mice assessing R31 reporter expression. (l) quantification of IL-31 
protein expression from in vitro differentiated Th2 cells from Red31+/wt.Irf4fl/fl mice. (m) 
schematic of N.b infection (n) quantification of worm burden of Red31+/wt.Irf4fl/fl mice 
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Figure 3.4 IRF4 negatively regulates the expression of IL-31 in human Th2 cells  
(a) Schematic of polarization and introduction of CRISPR-Cas9 in to human Th2 cells. 
(b) Representative FACS plot of CD45+CD3+CD4+ T cells showing IL-4 and IL-13 
expression. (c),(d) quantification of IL-4 and IL-31 from average of all donors. (e) 
Representative FACS plot of CD45+CD3+CD4+ T cells showing IL-31 and IL-13 
expression. (f) quantification of IL-13 taken from average of all donors. (g) FACS plot of 
CD4+ T cells showing expression of IRF4 in AAVS1 v Irf4 targeted Th2 cells  
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Figure 3.5 Cytokine expression of Th2 polarized human T cells edited with IRF4 
crRNA (a) quantification of IL-31 expression by CD4+ T cells from each individual 
donor. (b) quantification of IL-13 by CD4+ T cells from each individual donor (c) 
quantification of IL-4 expression by CD4+ T cells from each individual donor 
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Tables  

Table 3.1 Top 10 positive regulators 

 
 
 
  
 
  

id num 
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grna neg|lfc 
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dsgr
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 Table 3.2 Top 10 positive regulators 
 

id 
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pos|scor
e 

pos|p-
value pos|fdr 

pos|ran
k 

pos|goodsgr
na 

pos|lf
c 

Irf4 4 1 1 
0.99999

9 5415 0 2.199 1.93E-08 9.14E-07 0.00495 1 4 2.199 

Agpat5 4 0.99994 
0.9999

2 
0.99999

9 5414 0 1.1313 6.35E-05 
0.00022

58 
0.38910

9 2 4 1.1313 

Nfat5 4 0.96706 
0.9668

9 
0.99538

1 5259 0 1.6423 7.89E-05 
0.00028

25 
0.38910

9 3 3 1.6423 

Cpt2 4 0.91854 
0.9181

7 
0.99340

2 4998 0 1.448 9.22E-05 
0.00032

09 
0.38910

9 4 3 1.448 

B4galnt1 4 0.26651 
0.4214

6 
0.99340

2 2151 1 0.7048 
0.000100

11 
0.00035

93 
0.38910

9 5 3 0.7048 

Itgav 4 0.99817 
0.9981

7 
0.99999

9 5401 0 1.8325 
0.000126

88 
0.00046

9 
0.42326

7 6 4 1.8325 

Pla2g2e 4 0.47429 
0.6233

7 
0.99340

2 3220 1 0.2355 
0.000300

31 
0.001127

2 
0.70173

3 7 2 0.2355 

Slc25a41 4 0.99968 
0.9996

8 
0.99999

9 5413 0 
0.9210

2 
0.000316

95 
0.001187

6 
0.70173

3 8 4 
0.9210

2 

Dpep1 4 0.99968 
0.9996

7 
0.99999

9 5412 0 
0.8249

5 
0.000320

77 
0.001194

9 
0.70173

3 9 4 
0.8249

5 

Pla2g4c 4 0.99964 
0.9996

4 
0.99999

9 5411 0 
0.9926

9 
0.000358

83 
0.00132

65 
0.70173

3 10 4 
0.9926

9 
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Table 3.3 List of crRNA 
Species Guide_Name Sequence  
Mouse Sdha_1 GTCAGTTACCTCAACCACAG 
Mouse Sdha_2 TTCTACTCAATACCCAGTGG 
Mouse Sdha_3 TGCACAGTGCAATGACACCA 
Mouse Sdha_4 ACTGTGCATTACAACATGGG 
Mouse Slc4a7_1 TCAGGAACATAAGGTCCATG 

Mouse Slc4a7_2 TCTGCAAAGGATCGAACCAG 

Mouse Slc4a7_3 ACAGTATAGGAAAAGAATCG 

Mouse Slc4a7_4 GCAGATCCATTAGGAAACAC 

Mouse Il4ra_2 CACTAACATTCTCTGGCCAG 

Mouse Il4ra_3 ATCCAGGAACCACTCACACG 

Mouse Il4ra_4 CAGGATTAAGAAGATATGGT 
Mouse Satb1_2 GCAAGTTTCCACAAACACGG 
Mouse Satb1_3 GGAGTGCCTTTAAAACACTC 

Mouse Satb1_4 AGAAATTCTGCATAGCCCGA 

Mouse Naaladl1_2 GGAAATCCTGAGGTGTTGTG 

Mouse Naaladl1_3 AGTGGAAGGTTGTTCCATTG 

Mouse Naaladl1_4 TGGCTCTACAGAATTTACAG 

Mouse Ikzf3_1 GACAACAGCAGACCAACCGG 

Mouse Ikzf3_2 TAACGCCATCAGCTATCTAG 

Mouse Pdhb_1 TCTTAATTGTAGGTTAGCAG 

Mouse Pdhb_2 GGGCACAGGCTGAAGGCCAG 

Mouse Pdhb_3 TGAAGCTATTAATCAAGGTA 

Mouse Pdhb_4 GCCATTCGTGATAATAACCC 

Mouse Slc15a4_1 GCGTGGAGGGCCGTTCACAG 

Mouse Slc15a4_2 GACACGACGCTGACCCGTTG 

Mouse Slc15a4_3 TATCACCACCACCCATCACA 

Mouse Slc15a4_4 CCAATTGAAAAATCTCCGAG 

Mouse Dera_1 TGAGGTCACTCAGTTTCGAA 

Mouse Dera_2 AAGTCTTACCTGAGGCCACG 
Mouse Dera_3 AGTCTGCGTTTATCCCGCCC 
Mouse Dera_4 CGTGGTCATTAACAGGACCT 

Mouse Agpat5_1 GCAAAGTAGAACCCATACAG 

Mouse Agpat5_2 CTGCAGAGCTATGTGAACGC 

Mouse Agpat5_3 TGCAATTTATGATGTCACAG 

Mouse Agpat5_4 CAGGCATTTGCTGCTCAGCG 
Mouse Nfat5_1 TCAGCCATTTACGTACACTC 

Mouse Nfat5_3 GCCGTGGGGGTAAGTAACAG 

Mouse Nfat5_4 AAGACCAACTTCTATAACAG 
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Species Guide_Name Sequence  
Mouse Cpt2_2 TCGGGAAGTCATCTAAGCAG 

Mouse Cpt2_3 AAATATTGGGACATATCCAG 

Mouse Cpt2_4 TTAAATACATATCAAACCAG 

Mouse B4galnt1_1 TCTAGCAGATCGAGTCTCGG 

Mouse B4galnt1_2 TGACCGTAGGGTAAAAGCGT 

Mouse B4galnt1_4 TGCAGTTGTGAATCCAAGGG 

Mouse Itgav_1 GGTGCCATCTCAAATCCTCG 

Mouse Itgav_2 TCATGGACCGAGGTTCCGAT 

Mouse Itgav_3 CCTGCATGGAGCATACTCAA 

Mouse Itgav_4 ATAATAACCAATTAGCAACA 

Mouse Pla2g2e_2 GCCATAGTCATTGTACTGCA 

Mouse Pla2g2e_4 TATGGCTGCTATTGCGGTGT 

Mouse Slc25a41_1 GACGCTCATAAACCCCATGG 

Mouse Slc25a41_2 CTAGGTCGGTGCAAGCATAG 

Mouse Slc25a41_3 GAACTTGATAGCATACTCTG 

Mouse Slc25a41_4 ACAAACCTGCATGTACACCC 

Mouse Dpep1_1 TCACCCGTCGATGACCGGTG 

Mouse Dpep1_2 GACAACTGGCTTGTGGACAG 

Mouse Dpep1_3 AGTGGCCAGTCTGATCGGCG 

Mouse Dpep1_4 ATGTATGCGGACCAGAACTG 

Mouse Pla2g4c_1 GCACACCAAGACAAGCGATG 

Mouse Pla2g4c_2 TTTCATTCACAAAAACGCAA 

Mouse Pla2g4c_3 AGAGATTTGACTTTCCTGAG 

Mouse Pla2g4c_4 AGAAGCACCAAGGATGAATG 

Mouse Irf4_1 CAAGCAGGACTACAATCGTG 

Mouse Irf4_2 ACCTTATGCTTGGCTCAATG 

Mouse Irf4_3 GGTGTACAGGATTGTTCCAG 

Mouse Irf4_4 CCTGTGACGTTTGGCCCACG 

Mouse Stim1_1 TGAGGATAAGCTTATCAGCG 

Mouse Stim1_2 GAATACAGGAGCTAGCTCCG 

Mouse Stim1_3 GAGCCGTCAAAAATATGCTG 

Mouse Stim1_4 CAGCAGATCGAGATCCTCTG 

Human huIRF4_1 GGAAATCCCGTACCAATGTC 

Human huIRF4_2 CTGATCGACCAGATCGACAG 

Human huIRF4_3 GTGTACAGGATTGTTCCTGA 

Human huIL31cod_1 aacaacatccacagcccagc 

Human huIL31cod_2 agaattacacgctgccgtgt 
Human 
  huIL31cod_3 cagagtgcatggacctcgcac 
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CHAPTER 4: CONCLUDING REMARKS  
 
Future Directions 

This body of work attempted to first, further elucidate the impact of IL-31 on type 2 immune 

response and second, study the molecular regulation of Il31 expression via discovery 

approach. In assessing the role of IL-31 in a type 2 immune response we used a helminth 

model that would allow us to study immune cell populations and activation in both the 

lung and the gut. In these tissues, observed an expansion of IL-31 expressing cells in the 

lung but no differences in cytokine profile while in the gut we observed minimal expansion 

of IL-31 expressing cells but a robust difference in cytokine expression and inflammation 

in the absence of IL-31. It would be of importance to study which cell types respond to IL-

31 to further understand gut and lung allergic conditions as well as the effects of IL-31 

blockade.  

 

The CRISPR screen revealed a novel negative regulator of Il31 expression both in mouse 

and human Th2 cells, Irf4. There were many other targets that were discovered as a result 

of the screen, although there were attempts to further study the biology of some of the 

targets that were identified by the screen many were left for further investigation. One 

such attempt at further understanding regulation of Il31 was assessing the role of integrin 

alpha V, Itgav, as a negative regulator of IL-31. In Th2 differentiated cultures treated with 

RMV7, blocking antibody for alpha V, we saw an upregulation of R31 reporter expression 

compared to non-targeting controls (Fig. 4.1 a,b,c)  and observed morphological changes 

in the amount of clumping and adhesion of Th2 cultures (Fig. 4.2 d). We also assessed 

whether upstream alarmins, TSLP and IL-33, impacted IL-31 expression. We observed 
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that IL-33, which signals through the NFkB pathway, and not TSLPE upregulated R31, 

reporter expression in in vitro differentiated Th2 cells (Fig. 4.2 a, b, c,d).  

 

There is a 30% homology between the mouse and human Il31 gene. Our screen identified 

Irf4 as a negative regulator of IL-31 in mouse Th2 cells. Our study determined that Irf4 is 

also a negative regulator of IL-31 in human Th2 cells. Given that information we looked 

for regulatory regions upstream of the human Il31 gene and found a region containing a 

DNase hypersensitive site, ATACseq peak (Henriksson et al., 2019)and within that region 

a potential NFkB and Irf4 transcription binding site (Fig. 4.3 a). We used CRISPR-Cas9 

crRNAs to target that distal regulatory region and assessed IL-31 expression (Table 4.1).  

IL-31 expression was reduced compared to AAVS1 control Th2 cells (Fig. 4.3 b,c). This 

identifies another region that positively regulated IL-31 in human Th2 cells. This suggests 

that we can further study differences and similarities in the regulation of IL-31 expression 

in mouse and human Th2 cells, determine whether these mechanisms differ in other cell 

types, and provide other targets that would not have side effects of exacerbated asthma 

and gastroenteritis.  
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Figure 4.1 Itgav blockaged increases IL-31 expression and changes morphology 
of Th2 cell cultures           
(a,b) Representative FACS plot of in vitro differentiated Th2 cells showing Sm13 (IL-13 
reporter) and R31 reporter expression after treatment with RMV7 (b) Quantification of 
IL-31 expression (c) Representative images of in vitro differentiated Th2 cultures at day 
5  
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Figure 4.2 In vitro di1erentiated Th2 cells treated with TSLP and/or IL-33 
(a,b,c,d) Representative flow plots showing Sm13 (IL-13 reporter)  and R31 reporter 
expression  in in vitro diHerentiated Th2 cultures a) no treatment, b) after TSLP treatment, c) 
after IL-33 treatment and d) after TSLP + IL-33 treatment 
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Figure 4.3 Identification of distal regulatory region of IL-31 expression                  
(a) genome track of Il31 human gene showing DNAse hypersensitive site, E, ATACseq 
peak, D, and transcription binding sites, F (b, c) human in vitro differentiated Th2 cells 
targeted with crRNA via CRISPR-Cas with either AAVS1, Il31cod, Irfe, Distal Guide Set 
1, or Distal guide Set 1 showing IL-31 expression  
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Table 4.1  
Distal Regulatory sites SNP sequences 
 
Guide 1  TCTTCATCCAAGGACCTGGA 
Guide 2  TGTAAGAGCAGTGCGGTGGT 
Guide 3  TGGTCAATCCATCAATCCAA 
Guide 4  tctggcagattggatcagaa  

 
 
Distal Regulatory sites SNP Primer Region: 
 
tctgcatttcaCCTCCCTCTCAGCAGTACCGGCTGTGTActttgtttagaaatcactaagcatttcaagaca
gtgatgagaacagagggtgaaaacaagctcagggccctctgagctctgggccccatgactgagtaggtcacaggctcgt
gaagctggccctgCAGCCCAGAATGAAGCCTGCATGCTCTACCCAAAGGACGACGGAGC
ATTTGGTTAGCGGGTTTGCCTCTTCATCCAAGGACCTGGAAGGAGAGGAGAAATTA
GCAACTTTAAAGGTTTCCTCTCCCTGTAAGAGCAGTGCGGTGGTTTTAGTGAGAAG
AGTGCAGCGGAGTCCCCCGGCCCGTGGCTGAGTCATCTCCAGAACTGCGGGCTTT
CAGTGACAGAAGGAGAAAGGCTGAGCCTGCGCTAGATCTGCGGGAGCTCCTTGGT
CAATCCATCAATCCAATAGCATTAAATGACTCTtctggcagattggatcagaatgggaattcattaaag
gagaccaggtggttcgcagaatcgctgtgagCCTGTTGCTCATGGGAACCCGTCTGGGGTGGGG
GGCACCAGgcggccactgagagctcagcccctgttcctccagagaggggatcttgttgcaattgccacctctccgtgc
aacgaagcacctgccaccatctccgctgctttgtgtcaccagcgtctgatttgaagtctgattgcattgccg 
 
 
Forward Primer:  ctgagtaggtcacaggctcg 
Reverse Primer:  caattgccacctctccgtgc 
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