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Abstract 

 Fibrosis is the result of dysregulated tissue regeneration and is characterized by 

excessive accumulation of matrix proteins that become detrimental to tissue function.  

Type 2 immunity has long been associated with fibrotic scarring because of its role in 

wound healing and parasite-initiated tissue remodeling. Our objective was to examine 

two components of this inflammatory pathway that could potentially be modulated to 

limit fibrosis, namely RORα, a nuclear receptor required for ILC2 development, and 

CD34, a sialomucin involved in trafficking of eosinophils and mast cells to peripheral 

tissues. 

 Using a model of infection-induced chronic gut inflammation, we demonstrate 

that Rora-deficient mice are protected from fibrosis; infected intestinal tissues displayed 

diminished pathology and attenuated collagen deposition.  Although Rora is known for 

its role in ILC2s, we found that Salmonella-induced fibrosis was independent of 

eosinophils, STAT6 signaling and Th2 cytokines arguing that ILC2s are dispensable in 

this disease model.  Instead, we observed reduced levels of ILC3- and T cell-derived IL-

17A and IL-22 in infected tissues.  Furthermore, using Rorasg/sg/Rag1-/- bone marrow 

chimeric mice, we found that restoring ILC function was sufficient to re-establish IL-17A 

and IL-22 production and a profibrotic phenotype.   Our findings suggest that RORα-

dependent ILC3 functions are pivotal in mediating gut fibrosis and they offer an avenue 

for therapeutic intervention in Crohn’s-like diseases. 

 CD34 has been shown to drive lung inflammation and colitis by coordinating 

immune cell recruitment.  However CD34 is also expressed by multiple non-

hematopoietic subsets including endothelial and mesenchymal cells.  To assess CD34 

function in pulmonary repair, we induced lung injury by bleomycin administration.  We 

found that Cd34-/- mice displayed severe weight loss and early mortality compared to WT 

controls.  CD34-deficient animals developed severe interstitial edema and endothelial 

delamination, indicating impaired endothelial function.  Chimeric Cd34-/- mice 

reconstituted with WT hematopoietic cells exhibited early mortality compared to WT 

mice reconstituted with Cd34-/- cells thus confirming this to be a non-hematopoietic 

defect.   Lastly, CD34-deficient mice were more sensitive to lung damage caused by 

influenza infection, displaying greater weight loss and more extensive pulmonary 
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remodeling.  These results suggest that CD34 plays a protective role in maintaining 

vascular integrity in response to lung damage. 
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Lay Summary 
 
 Tissue fibrosis defined by excessive scarring is the end result of dysregulated 

regeneration and chronic inflammation.    Fibrotic degeneration can affect all organs and 

account for nearly half of all deaths in the developed world.  In Crohn’s disease, fibrotic 

strictures lead to bowel obstruction – a condition with no effective therapeutic options.  

Using an experimental mouse model of Inflammatory Bowel Disease, we find that 

deletion of ROR alpha protects animals from developing intestinal fibrosis.  This effect is 

due to an inability of a subset of innate immune cells to produce soluble factors which 

promote disease.  Survival during tissue injury requires a coordinated program of damage 

limitation and repair; we find that CD34 is required for maintaining blood vessel integrity 

in response to acute lung injury and influenza infection.  In summary, the work presented 

in this thesis describes inflammatory and vascular processes that may be modulated to 

promote tissue regeneration while limiting fibrosis. 
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Chapter 1. 

Introduction 

1.1 The immune system 

Immunity represents the complex network of effector cells and processes that 

protect our bodies from infectious agents. They function co-operatively to orchestrate 

context appropriate responses that can be broadly characterized as innate or adaptive.  

Innate immune responses are the first line of defense against pathogens; it is mediated by 

a physical barrier and leukocytes, which include macrophages, dendritic cells, 

neutrophils, eosinophils, basophils and mast cells (1).  Innate immunity relies on 

germline encoded pattern recognition receptors (PRRs) which recognize simple 

molecular signatures known as pathogen-associated molecular patterns (PAMPs); these 

are unique to microorganisms and not found on host cells, invariant within broad 

microbial classes, and are essential for the microorganism’s survival (1, 2).  In response 

to PRR activation, innate immune cells limit the infection by phagocytizing and 

eliminating the pathogen, producing signals to amplify the immune responses, and 

directing the adaptive immune cells (1, 2). 

Adaptive immunity involves antigen specific T-cell and B-cell receptors (TCR, 

BCR); these receptors are encoded by genes assembled by recombination activating gene 

(RAG)-mediated somatic recombination, which produces a diverse repertoire of antigen-

specific receptors (3).   While B cell immunoglobulin-type BCRs recognize intact 

antigens, TCRs recognize short peptide fragments of antigen presented by major 

histocompatibility complex (HMC) molecule-bound peptides presented on antigen 

presenting cells (APCs) (4).  T cells are responsible for effector cell functions and can be 
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classified as cytotoxic T cells (CTL), which directly eliminate infected cells, and T helper 

(Th) cells, which produce signals that amplify specific immune responses and activate 

other effector cell types (5).  In contrast, B cells are responsible for humoural immunity; 

upon BCR activation, B cells differentiate into plasma cells, which produce antibodies 

specific to the antigen recognized by the BCR (6).   

Until recently, natural killer (NK) and lymphoid tissue inducer (LTi) cells were 

the only recognized common lymphoid progenitor (CLP)-derived cells that lack antigen 

receptors; it is now clear that these cells are members of a broader family of innate 

lymphoid cells (ILCs) that respond rapidly to stress signals following tissue injury or 

infection by producing cytokines classically associated with CD4+ Th cells (7).  ILCs 

together with invariant NKT, γδ T cells, and memory T cells are categorized as tissue-

resident lymphocytes that can populate non-lymphoid tissues such as barrier surfaces 

where they are maintained locally; they function as sentinel cells responding quickly to 

infection or damage to preserve tissue integrity (8, 9). 

The majority of cells involved in immunity arise from hematopoietic stem cells 

(HSCs) of the bone marrow (BM).   However, some myeloid lineage subsets, including 

microglia, Langerhans cells, Kupffer cells, and alveolar macrophages, arise 

independently from the yolk sac prior to the emergence of fetal liver HSCs and colonize 

peripheral tissues before birth (10, 11).  These tissue-resident myeloid cells originate 

from an erythro-myeloid progenitor and are self-sustained and can renew independently 

of BM-derived hematopoiesis (10). 
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1.2 Immunity at barrier surfaces 

 Mucosal tissues such as the gastrointestinal and respiratory tracts are in direct 

contact with the external environment and are therefore continuously exposed to 

potentially harmful agents.  Moreover, these barrier surfaces are colonized by diverse 

commensal microbial communities termed microbiota that exist symbiotically with the 

host.  The regulation of immune responses at barrier sites are complex due to the nature 

of maintaining host tolerance to benign or innocuous microbes and antigens while also 

retaining the capacity to effectively coordinate effector responses to eliminate invading 

pathogens. Perturbations in this balance have been associated with numerous 

inflammatory diseases or increased susceptibility to infections. 

 In the intestinal tract, the epithelia constitutes the interface between host and the 

external environment (12).  The single layered mucosal epithelium is critical for 

maintaining the barrier that separates pathogenic and commensal microbes from the 

lamina propria; this is bolstered by epithelial cell secretion of broad-spectrum anti-

microbial peptides while specialized epithelial cells (termed goblet cells) produce mucins 

that make up the mucus layer lining the apical surface (12).  Furthermore, epithelial 

microfold (M) cells that are associated with gut-associated lymphoid tissues (GALTs) 

can sample microbes and antigens of the lumen and deliver them to dendritic cells (DCs) 

for antigen presentation at sites of immune induction (12).  DCs can also acquire antigen 

by directly sampling luminal contents through projections that penetrate the epithelial 

layer (13).  Like GALTs (which include the Peyer’s patches, cecal patch, and lymphoid 

follicles), mesenteric lymph nodes (mLNs) are organized structures that 

compartmentalize lymphocyte subsets and regulate their exposure to luminal contents 
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(14).  Tolerogenic DCs present in lymphoid structures can interact with lymphocytes to 

promote the differentiation of FoxP3+ Tregs in the presence of TGF-β and retinoic acid to 

maintain a non-inflammatory state (15).  Under homeostatic conditions, these IL-10+ Th 

cells are highly enriched in GALTs suggesting that T cell mediated immunosuppression 

is the default pathway at steady state (16). Antigen-experienced Th1 and Th17 cells may 

also be detected in the intestinal lamina propria while Th2 cells are rare or nonexistent 

(17).  RORγt+ T cells and ILC3s are important sources of IL-22, which promotes the 

production of epithelium-derived antimicrobial peptides and supports barrier integrity 

(12).  Plasma cell-derived IgA also plays an important role in the containment of the 

microbiota and maintenance of intestinal homeostasis (18).  

 Following infection, host immunity is initiated by the activation of PRRs (such as 

cell surface bound toll-like receptors and cytosolic NOD-like receptors) and chemokine 

and pro-inflammatory cytokine release.  Macrophages, dendritic cells, neutrophils, 

eosinophils and basophils are recruited to the site of infection and function in concert 

with ILCs and the cells of the adaptive immune system to mount an immune response. 

ILCs respond rapidly to danger signals elaborated by epithelial, stromal, and myeloid 

cells while CD4+ Th cell activation is initiated by TCR ligation and subsequent responses 

dictated by the cytokine profile of the microenvironment (Fig. 1.1) (19).  ILCs, in 

particular, can influence the adaptive immune response directly through the production of 

soluble factors and contact-dependent interactions or indirectly though the modulation of 

other accessory cells (20). For example, antigen-presenting ILC3s can induce apoptosis 

of commensal-specific effector CD4+ Th cells to limit dysregulated T-cell-mediated 

pathologies (21).  In lung allergen recall responses, ILC2s are required for the stimulation 
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of DCs and the subsequent recruitment of Th2 memory cells (22).  Alternatively, it has 

been proposed that CD4+ Th cells may function as antigen-specific sensors that can 

activate ILCs, which in turn direct the inflammatory milieu (19). 
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Figure 1.1.  Development and classification of lymphocyte subsets.  Bone marrow-

derived common lymphoid progenitors (CLPs) give rise to T and B cell precursors, NK 

precursors (NKPs), and helper-like ILC precursors (ChILPs) (7, 19).  T cell precursors 

migrate to the thymus where they undergo selection and subsequent priming in secondary 

lymphoid tissues whereby recognition of an antigen presented via peptide-MHC complex 

by APCs and polarizing cytokines direct differentiation; lineage maintenance is 

reinforced by expression of key transcription factors as T cells acquire the ability to 
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produce signature cytokines (5).  The majority of ILCs originate from ID2+ PLFZ+ 

ChILPs; in contrast, LTi cells are derived from a distinct ID2+ PLZF- progenitor 

population (23).  NKP and ChILP lineage commitment is not completely understood 

although various suppression pathways of T and B cell-promoting programs mediated by 

ID2, NFIL3, and GATA3 have been proposed (24-26).  ILCs are highly enriched in 

peripheral tissues and have the capacity to produce cytokines in response to their local 

microenvironmental cues, and together with CD4+ Th cells, co-ordinate context 

appropriate responses.  Type 1 immune cells are involved in the protection against 

intracellular pathogens and anti-tumour immunity.  IL-12 derived from antigen 

presenting DCs direct the development of Th1 cells while NK and ILC1s can rapidly 

secrete IFNγ in response to IL-12 and IL-18 (27, 28).  Type 2 immunity is critical for the 

expulsion of extracellular parasites such as Helminth infections, but are also involved in 

asthma and other allergic diseases.  Type 2 immune responses are initiated at barrier sites 

where parasites or allergens can trigger the innate cell release of alarmins including 

TSLP, IL-25, and IL-33 (29).   ILC2s respond directly to these factors, while DCs present 

antigen and secrete cytokines that direct Th2 cell differentiation (20, 29, 30).  Th2- or 

ILC2-dervied cytokines have several effects.   IL-4 can promote B cell class switching to 

IgE production; IgE immune complexes can activate mast cells by inducing crosslinking 

of Fc receptors (FcεR1) causing degranulation and the release of proteases and soluble 

factors.  In addition, IL-5 and IL-13 promote eosinophilia, mucus production, goblet cell 

hyperplasia, and smooth muscle contraction (29).  Finally, Th17 cells and ILC3s are 

critical for host defense responses against extracellular bacterial pathogens such as 

Citrobacter rodentium and Klebsiella pneumoniae, or fungi including Candida albicans; 

Th17 cells and ILC3s are also important regulators of tissue homeostasis (31).  Th17 

differentiation involves IL-6, TGF-β1, and IL-23 while ILC3s can respond to phagocytic 

cell derived IL-1β and IL-23 (20, 31).  Th17 cell and ILC3 cytokines including IL-17, IL-

22, and GM-CSF are involved in the recruitment of innate effector cells, secretion of 

antimicrobial peptides, or maintenance of mucosal barrier (20). 
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1.3 Inflammatory bowel disease 

 Ulcerative colitis (UC) and Crohn’s disease (CD) are the two major forms of IBD 

and are characterized as chronic and relapsing inflammatory disorders of the 

gastrointestinal tract (32, 33).  These disorders have a major impact on the quality of life 

of patients; symptoms of IBD include abdominal pain, diarrhea, nausea, weight loss, 

fever, and fatigue (34).  Recent studies have identified genetic and environmental factors 

that contribute to disease pathogenesis; intriguingly, based on the genetic loci linked to 

disease, the high risk factors appear to be linked to genes that alter integrity of the 

epithelial barrier, likely resulting in the translocation or oversampling of luminal antigens 

(35).  The consequences of these polymorphisms are thought to initiate an aberrant 

inflammatory response to the commensal flora mediated by intestinal immune cells (35).  

Features of IBD-associated complications may extend to sites beyond the GI tract 

affecting various organs including joints, skin, and liver (32, 33). Hallmarks of UC 

include severe and diffuse inflammation typically localized in the colon (32).  Disease 

pathology affects the mucosa and submucosa of the bowel resulting in superficial 

mucosal ulcerations (32).  In contrast, CD can affect any part of the GI tract although 

evidence of disease is commonly found in the colon and distal ileum (33).  Moreover, the 

inflammation in CD is transmural, affecting all layers of the bowel wall (33).  

 As stated above, functionally, the IBD susceptibility genes that have been 

identified suggest that dysregulation of the epithelial barrier or immunity are critical 

contributors to disease progression (36).  Mutations in nucleotide oligomerization domain 

2 (NOD2) found to be associated with increased susceptibility to CD; this highlights a 

link between altered innate immune detection of bacterial components and the disease 

(37).  More recent genome-wide association studies (GWAS) have revealed additional 
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pathways potentially involved in the pathogenesis of IBD including genetic variations in: 

STAT1-, NKX2-3-, IL2RA-, and IL23R-dependent pathways linked to adaptive immunity, 

MUC1, MUC19, and PTGER4 in intestinal barrier maintenance, and ATG16L-mediated 

autophagy (38-40).  While these population-based genetics studies have enhanced our 

understanding of IBD, susceptibility alleles alone are likely insufficient to solely initiate 

and/or sustain chronic disease (34).  Other environmental factors including alterations in 

gut microbiome composition and a reduction in diversity have been associated with 

intestinal inflammation; however, it is unclear whether gut dysbiosis precedes or is the 

consequence of dysregulated immune responses (34).   

 

1.4 Mouse models of IBD 

 Although the etiology of IBD remains unclear, our understanding of the 

pathogenesis of the disease has been greatly enhanced by experimental mouse models of 

intestinal inflammation (41, 42).  These models individually do not fully represent the 

complexity of the human disease, but they are valuable for elucidating pathophysiological 

pathways that could be relevant to IBD and validating possible therapeutic strategies (41, 

42).  These mouse models typically rely on the initiation of inflammation by chemical 

induction or infection, immune cell transfer, or genetic manipulation; moreover these 

strategies often involve perturbations in epithelial integrity or modulation of innate or 

adaptive immunity (Table 1.1) (41). 
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Table 1.1. A brief summary of mouse models of intestinal inflammation.   

 Model  Description 

Dextran sodium sulfate 

(DSS) 

Induces damage to gut epithelia leading to increased 

permeability of barrier and over-exposure to commensal 

bacteria. Results in acute colitis with UC-like features that is 

largely independent of adaptive immunity; chronic exposure to 

DSS can lead to fibrosis.  (43-45) 

Trinitrobenzene 

sulfonic acid (TNBS) 

Renders gut antigens immunogenic, also requires ethanol for 

the disruption of epithelial barrier.  CD4+ T cells play a key 

role in chronic immunopathology; sustained exposure to TNBS 

results in defined fibrotic features that resemble CD.  (44, 46) 

Oxazolone Causes severe weight loss, diarrhea, and loss of goblet cells; 

pathology is associated with Th2 cytokines as inhibition of IL-

4 and IL-13 improves disease outcomes. (44) 

Citrobacter rodentium Oral infection results in acute and mild colitis of the colon and 

cecum; associated with crypt hyperplasia and loss of goblet 

cells.  ILC3s are essential in providing host protection in the 

absence of functional adaptive immune cells. (42, 47, 48)  

Salmonella 

Typhimurium 

Treatment with streptomycin before oral infection enhances 

intestinal colonization resulting in severe cecitis.  Infection 

with S. Typhimurium SL1344 leads to inflammation, 

neutrophil influx, tissue edema and high mortality rates in 

genetically susceptible host strains such as C57BL/6 mice.  

Host protection is also mediated by IFNγ producing ILCs.  

Infection by the ΔaroA mutant vaccine strain results in chronic 

Th1/Th17-mediated fibrosis. (49-53) 

Adherent-invasive 

Eschericia coli 

Chronic infection with AIEC induces inflammation of the 

ileum and colon, and the upregulation of pro-fibrotic cytokines 

and collagen production in the gut; CD8+ T cells enhance 

pathogen clearance and resolution of fibrosis. (54) 
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Model Description 

Helicobacter hepaticus Induces IL-23-mediated innate colitis that is IL-17- and IFNγ-

dependent.  H. hepaticus infection also drives Th1 dependent 

colitis in Il10-/- mice, or may be used in conjunction with 2-

azoxymethane (AOM) to induce colon cancer.    (55-57)  

T cell transfer Adoptive transfer of CD45RBhigh T cells into 

immunocompromised (including Rag1-/-) hosts leads to wasting 

disease and colitis. Pathology is the result of donor-derived T 

cell immunity against host antigens and commensal microbiota 

in the absence of Treg cells.  (58-60) 

Anti-CD40 antibody  Treatment with agonistic antibodies against CD40 (expressed 

by DCs) in Rag1-/- mice results in IL-12 and IL-23 driven 

colitis; ILC3s and GM-CSF can also promote pathology in this 

model by the recruitment of myeloid cells. (48, 61) 

Il10-/- Genetic ablation of the immunosuppressive cytokine IL-10 

results in chronic enterocolitis; pathology is microbiota driven 

and the consequence of an unrestrained Th1 response. (62-64) 

TGF-β1 gene transfer Rectal administration of adenoviral vector of biologically 

active TGF-β1 leads to colonic inflammation, myofibroblast 

activation, and severe fibrosis. (65) 

 

1.5 Salmonella-driven intestinal inflammation 

 Salmonella enterica serovars are intestinal pathogens that can infect humans and 

mice; after ingestion, Salmonella colonize the gut by direct invasion of epithelia, M cells, 

or antigen presenting cells (66).  Unlike infection by Citrobacter rodentium, a non-

invasive mouse pathogen belonging to the class of attaching and effacing (A/E) bacteria, 

mice infected orally with S. Typhimurium results in the colonization primarily of 

systemic sites such as the spleen and mesenteric lymph nodes with relatively low 
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abundance in the GI tract (66).  However, pretreatment of mice with streptomycin 

enhances the efficiency of Salmonella colonization of the gut by diminishing the host 

protective effects of the normal microbiota (49).  Pathological features of this model 

include the disruption or ulceration of the epithelial barrier, granulocyte recruitment, and 

severe edema (49).  Alternatively, infection with the vaccine grade S. Typhimurium 

ΔaroA mutant, which has a defect in the biosynthesis of aromatic amino acids, leads to 

chronic infection of the cecum and colon that persists up to day 40 after infection (51).  

This leads to a Th1 and Th17 inflammatory response, extensive tissue remodeling, and 

collagen deposition.  Tissue pathology is associated with elevated levels of pro-fibrotic 

factor such as TGF-β1, CTGF, and IGF (51).  The transmural fibrotic scarring reported in 

this model is reminiscent of stricture formations often observed in CD.  Importantly this 

S. Tymphimurium ΔaroA infection model is a useful system for the study of fibrotic 

responses in mutant mice maintained on a C57/BL6 background. The C57/BL6 strain is 

extremely sensitive to S. Typhiumurim SL1344 infection due to a loss-of-function 

mutation in the gene encoding the natural resistance-associated macrophage protein 

(NRAMP)-1 (50, 52).  Thus the attenuated ΔaroA mutant permits persistent infection 

without the C57/BL6 host death associated with the SL1344 strain. 

 

1.6 Fibrosis as a complication of IBD 

 A major complication of CD is the dysregulated and excessive deposition of 

extracellular matrix (ECM) including collagen throughout all layers of the mucosal tissue 

(33, 67).  Although the GI tract has a relatively high capacity for regeneration, fibrotic 

scarring can arise due to unresolved wound healing responses that are associated with 
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chronic and severe inflammation (Fig. 1.2) (68, 69).  In CD, this results in deleterious 

effects on tissue architecture leading to significant organ impairment (69, 70).  The 

transmural nature of the inflammation observed in CD ultimately precedes the thickening 

of the bowel wall associated with symptomatic stenosis or stricture formation (69).  

About a third of CD patients require intestinal resection for this complication (70).  There 

are no effective anti-fibrotic therapies in IBD and, unfortunately, the use of 

immunosuppresants such as azathioprine or anti-TNFα biologics have no impact or only 

modestly reduce the requirement of surgical interventions for fibrosis (67, 71).  Type I 

collagen is the primary ECM component in normal intestinal tissue while strictured 

tissues have an increase in total collagen as well as elevated percentages of types III and 

V collagen (67).   

 While fibrosis is thought be the consequence of chronic inflammation, the origins 

of the matrix producing cells have been the subject of extensive controversy.  The 

prevailing view is that cells of mesenchymal origin such as fibroblasts and pericytes are 

the primary cellular sources of ECM in fibrotic scarring (69, 72).  However, in response 

to pro-inflammatory cytokines and TGF-β1, there are reports that epithelial or endothelial 

cells may undergo transdifferentiation to become fibroblast-like ECM producing cells 

(73, 74).  Moreover, studies have also suggested that CD45+ BM-derived circulating 

cells, termed fibrocytes, may also contribute to matrix deposition. 
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Figure 1.2.  Cellular and molecular factors in tissue fibrosis.  Fibrosis is often viewed 

as the consequence of dysregulated regeneration following tissue injury.  When epithelial 

or endothelial cells are damaged by infection or irritants, platelets are activated and 

soluble factors are released, which initiate an inflammatory response; if unresolved, 

functional cells are replaced with excessive scar tissue eventually leading to organ failure 

(72, 75).  At the center of this degenerative process are myofibroblasts: the primary 

ECM-producing cell type (75).  Myofibroblasts are derived mainly from a population of 

tissue-resident mesenchymal cells that include PDGFRα+ fibroblasts and NG2+ 
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PDGFRβ+ pericytes (76).  Myofibroblasts can be activated by multiple soluble factors 

derived from epithelila, endothelia, or hematopoietic cells after tissue injury and 

sustained during chronic inflammation (77).  For instance, TGF-β1 is a potent pro-

fibrotic factor in multiple organs by promoting the differentiation of MSCs to ECM-

producing myofibroblasts (78).  TGFβ-1 is produced by multiple cell types including 

alternatively activated macrophages, eosinophils, platelets and epithelial cells (78).  

TNFα can also promote fibrosis indirectly by inducing epithelial cell death or by 

augmenting the activity of reactive oxygen species (ROS)-producing myeloid cells (79); 

this cytokine can also directly activate myofibroblast cells (72). Type 2 immune 

cytokines derived from Th2 cells, ILC2s, and eosinophils are also linked fibrogenesis; 

specifically, IL-13 can drive myofibroblast proliferation and matrix synthesis (78).  

Finally, IL-17A also possesses pro-fibrotic activity by promoting neutrophilic infiltration, 

which induces tissue injury, or by directly acting on fibroblasts to produce collagen (78, 

80). 

 

1.7 Idiopathic pulmonary fibrosis 

 Idiopathic pulmonary fibrosis (IPF) is a chronic, degenerative, and often lethal 

disease of unknown etiology.  It is characterized by features of usual interstitial 

pneumonia (UIP) which includes the heterogeneous appearance of fibrotic scarring and 

“honeycomb” patterns in affected tissues (81).  Although a dysregulated immunological 

component has been associated with the progression of IPF, the use of broad-spectrum 

immunosuppressants including corticosteroids is often ineffective (82).  More recently, 

the pathogenesis of IPF is thought to be the consequence of perturbations in repair 

processes of the epithelium; this may be triggered by repeated injury and cellular stress 

responses of the alveolar epithelium or dysregulated interplay between epithelium and the 

underlying stromal cells resulting in fibroproliferative responses (68, 81).  The critical 

environmental risk factors of IPF are cigarette smoke and exposure to irritants such as 
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metal and wood dust; in some instances, chronic viral infections may contribute to IPF 

(81).  There are no genetic factors consistently linked to IPF; however mutations in the 

genes encoding surfactant protein C, which is expressed exclusively by type II 

pneumocytes, and mucin 5B, expressed by large airway epithelia, are linked to some 

familial cases of IPF (83, 84). 

 Many animal models of lung injury and fibrosis have been developed to study the 

progression of fibrotic degeneration with the aim of identifying critical molecular and 

cellular pathways likely involved in IPF (85).  Although they have been utilized in the 

identification and validation of potential therapeutic targets, there are serious limitations 

to these models:  in particular, the dissimilarity in the development of the human disease 

which may require up to two decades to develop in contrast to the more immediate 

induction of fibrotic scarring in animals (86, 87).  Moreover, unlike in IPF where the 

pathology is progressive and thought to be irreversible, in several animal models, tissue 

scarring is either self-limiting or may resolve after the removal of the causative agent (86, 

87).  

 Bleomycin exposure is a commonly used and well-characterized mouse model of 

pulmonary fibrosis (85).  Originally purified from Streptomyces verticillatus, bleomcyin 

possesses anti-neoplastic properties but also causes damage to alveolar cell types and 

capillary endothelial cells (68, 88).  Lung injury initiates an acute inflammatory response 

that once resolved, progresses to fibroblast proliferation and matrix deposition 

culminating in a maximal fibrotic response approximately 21 days after bleomycin-

induced injury (85).  Histopathological features of bleomycin-induced lung fibrosis that 

resemble IPF include matrix deposition in the interstitium and intra-alveolar space, 
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variable inflammation in the parenchyma, epithelial injury, and disruption of the basal 

lamina (68, 89, 90). 

 

1.8 Retinoic acid receptor-related orphan receptors in immunity 

 Retinoic acid receptor-related orphan receptors (RORs) are a family of ligand-

dependent, steroid hormone type transcription factors that regulate gene expression by 

binding to ROR response elements (ROREs) in the regulatory regions of target genes 

(91).  These nuclear receptors are critical for processes related to immunity (Fig. 1.3), 

development, metabolism, and the circadian rhythm (91).  In hematopoiesis, RORγt is 

required for the development of the Th17 lineage (92).  In addition, RORγt null mice also 

lack ILC3s including LTi cells resulting in a defect in the formation of lymph nodes, 

lymphoid follicles, and Peyer’s patches (93-95).  RORα also plays an important role in 

Th17 cell differentiation through synergistic mechanisms with RORγt; naïve T cells 

lacking both RORγt and RORα display a more striking defect in Th17 differentiation than 

RORγt deletion alone (96).  Moreover, in Th17 cells, RORs bind to ROREs in regulatory 

regions of Th17 signature genes (Il17a, Il17f, Il23r) and thereby promote their expression 

(97).  The reciprocal relationship between Th17 and Tregs is illustrated by the ability of 

FoxP3 to interact with RORγt or RORα and limit their transcriptional activity in a TGF-β 

dose dependent manner (98, 99).  RORγt is also expressed by a subset of microbiota-

induced FoxP3+ Tregs and is required for the suppression of Th2 driven pathologies 

(100).   

 Early mouse models of ILC2 deficiency relied on a spontaneous mutation in Rora 

resulting in a truncated non-functional protein that lacks the C-terminal ligand-binding 



 18 

domain (101, 102).  Termed Staggerer mice, these Rorasg/sg mutants are runted and have 

an ataxic gait and shortened lifespan primarily due to defects in neural development; 

RORα is required for the survival and maturation of Purkinje neurons of the cerebellum 

(103).  Although the Rora transcript is detectable in all three ILC subsets, its deletion in 

hematopoiesis results in the selective depletion of ILC2s (101, 102).  This selective 

defect in the hematopoietic compartment leads to several functional consequences: 

RORα-deficient bone marrow chimeras have impaired immunity to parasitic helminth 

infection and are protected from pathologies associated with papain- and HDM-induced 

allergic lung inflammation (101, 102, 104). 

 The IL-23/IL-17 immune pathway comprised of RORγt-expressing CD4+ Th17, 

γδ T cells, NKTs, and ILCs have been implicated in the pathogenesis of several immune 

disorders including IBD.  In GWAS, polymorphisms in IL23R are associated with 

increased susceptibility to Crohn’s disease, while IL-17A levels are elevated in the 

intestinal mucosa and feces of patients with active CD (105-107).  Moreover, IL-23 

responsive ILC3s are enriched in the intestines of CD patients (108).  Given these 

observations, the suppression of the IL-23/IL-17 immune axis has been investigated 

extensively in the development of therapies for IBD. The use of IL-23-specific antibodies 

has shown promise in patients with Crohn’s disease (109); however, trials investigating 

antibodies targeting IL-17A were terminated due to a lack of effectiveness and an 

increase in susceptibility to infections in some patients (110).  Despite this setback, IL-

17A suppression has demonstrated efficacy in the treatment of psoriasis, rheumatoid 

arthritis, uveitis, and spondylitis (111, 112).  Alternatively, targeting transcription factors 

required for IL-17+ inflammatory cells has also been proposed; RORs are suitable for 
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pharmacological modulation as they possess a ligand-binding domain that can be targeted 

with various small-molecular weight inhibitors (113).  An early example of this strategy 

was the development of SR1001, an inverse agonist selectively targeting Rorγt and 

RORα (114).  SR1001 selectively binds to the LBD of Rorγt and RORα resulting in the 

inhibition of their transcriptional activity; this inhibitor was effective in suppressing Th17 

differentiation and could protect animals from developing pathological features of 

experimental autoimmune encephalomyelitis (114). 
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Figure 1.3. Overview of RORγt and RORα requirement in lymphoid cell lineages.  

Adapted from Cook et al. (91). RORγt is required for Th17 differentiation, IL-17-

producing γδ T cells, and ILC3s including LTi cells.  RORα is known to promote Th17 

differentiation in concert with RORγt and is also required for ILC2 development. 

 

1.9 CD34-family of sialomucins  

 CD34 is a founding member of a family of cell surface sialomucins that includes 

podocalyxin and endoglycan (115).  CD34 is commonly used clinically as a marker for 
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the enrichment of hematopoietic progenitor or stem cells for bone marrow transplantation 

(116).  More recently its use as a progenitor cell marker has been extended to various 

non-hematopoietic tissue specific stem-like precursor cells including muscle satellite 

cells, epidermal progenitors, corneal keratocytes, vascular endothelial progenitors and 

pulmonary epithelial stem cells (117, 118).  CD34-family proteins have unique and some 

overlapping expression in multiple cell types.  Like CD34, podocalyxin is expressed by a 

subset of primitive HSCs and vascular endothelia; in addition, podocalyxin was originally 

described as an important marker for kidney glomerular epithelia (podocytes) and is 

required for normal kidney development (115).  Podocalyxin upregulation has also been 

implicated in a number of malignancies including breast cancer, leukemia and pancreatic 

cancer (115).  Podocalyxin expression in breast cancer is associated with tumour 

aggressiveness and poor patient prognosis (119).  This oncoantigen was recently 

validated as a viable target for breast cancer immunotherapy; treatment with 

podocalyxin-specific antibodies can suppress tumour formation and metastasis in 

xenograft models (120). 

 Several cellular functions of CD34-related proteins have been proposed including 

promoting cell proliferation and blocking cell differentiation of progenitor cells, context-

specific enhancement or inhibition of cell adhesion, and cell morphogenesis, chemotaxis 

and asymmetric cell division (121).  An example of CD34-mediated cell adhesion was 

demonstrated by its expression in specialized lymphoid high endothelial venules (HEVs).  

On these cells it is modified with a unique post-translational glycosylation that enables 

CD34 to act as a ligand for L-selectin during the recruitment of lymphocytes to the 

peripheral lymph nodes (122).  However, this Sialyl-Lewis X modification is extremely 
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rare and unique to HEVs; more recent functional studies would suggest that in most 

tissues CD34 functions as an anti-adhesive molecule (115).  For instance, the deletion of 

CD34 from mast cells results in an increase in homotypic cell aggregation - an effect, 

which can be reversed by ectopic CD34 expression (123).  Moreover, Cd34-/- mice are 

resistant to a number of experimental Th2- or Th17-biased inflammatory diseases of the 

mucosa including OVA- or SR antigen-induced lung inflammation and DDS-mediated 

colitis; this protection phenotype is the consequence of defective eosinophil, mast cell, 

and dendritic cell trafficking in the absence of functional CD34 resulting in an attenuated 

inflammatory response (124-126). 

  

1.10 Thesis hypothesis and summary 

 There is compelling evidence that type 2 immune responses defined by the 

production of IL-4, IL-5, and IL-13 are critical promoters of tissue fibrosis (77).  Th2 

immunity and accessory cells such as eosinophils, mast cells, and alternatively activated 

macrophages have long been associated with wound healing responses or host immunity 

against parasitic helminth infections such as Schistosoma mansoni, which can induce 

liver fibrosis (77, 127).  It has also been noted that in the context of host defense 

strategies against infectious pathogens, fibrosis is the pathological outcome of 

dysregulated tolerance responses (128).  IL-13, in particular, has been linked with fibrotic 

scarring in several experimental animal models including radiation- or chemical-induced 

lung fibrosis in rodents (129), IBD-related intestinal fibrosis (130), and dermatitis-

mediated skin fibrosis (131).  Moreover, Th2-associated cytokines are linked to the 

development of fibrosis and airway remodeling in response to chronic lung inflammation 
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in cases of asthma or IPF (132-134).  In addition to CD4+ Th2 cells, ILC2s are another 

critical source of IL-13 in the induction of pulmonary fibrosis and the depletion of ILC2s 

is sufficient to protect mice from inflammation-induced ECM lung deposition (135).  

Although Crohn’s disease is thought to be primarily Th17 driven, IL-13 producing 

lymphocytes have been reported to be highly enriched in intestinal strictures of patients; 

moreover IL-13 can alter MMP activity in fibroblasts leading to attenuated matrix 

degradation resulting in excessive ECM accumulation (33, 136).  Mechanistically, IL-13 

promotes fibrosis through the induction of TGF-β; however in some cases the pro-fibrotic 

activity of IL-13 may be independent of TGF-β signaling (137, 138).  IL-13/IL13Rα1 

signaling can also drive the proliferation of fibroblasts and ECM-synthesis (136, 139, 

140).  Therefore, the suppression of Th2 immune responses by antibody neutralization of 

IL-13 or IL-5 or the inhibition of cellular sources of these cytokines may be exploited in 

the treatment of fibrotic diseases (78). 

 On the basis of these observations, we hypothesized that ILC2s and hematopoietic 

CD34 are important contributors to fibrotic development in mucosal tissues by promoting 

type 2 immunity; ILC2s and CD34 are of particular interest as they represent potential 

therapeutic targets for immunomodulation.  To address these hypotheses, we examined 

mutant mouse strains that either lack ILC2s (Rorasg/sg BMT) or the CD34 molecule 

(Cd34-/-) in experimental models of tissue injury and fibrosis (101, 102, 141, 142).   

 Although we find that Rorasg/sg BMT mice are protected from infection-induced 

intestinal fibrosis, the disease was largely independent of type 2 immune cytokines, 

eosinophils and STAT6 signaling (a downstream signaling modulator of IL-13R) which 

suggests that ILC2s may be dispensable in this model.  Given that ROR-type 
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transcription factors are known to be required for the maintenance of the Th17 cell 

lineage, we examined the expression levels of IL-17A and IL-22 in Rorasg/sg BMT mice.  

We found a clear reduction in IL-17A and IL-22 in infected tissues of Rorasg/sg BMT 

mice; RORα-deficient ILC3s and T cells exhibited defects in cytokine expression.  

Moreover, the restoration of functional innate cells in Rorasg/sg BMT animals 

reestablished a fibrotic phenotype following infection; this suggests that RORα-

dependent ILC3s are important contributors to intestinal fibrosis in this experimental 

model of intestinal fibrosis. 

 Contrary to my original hypothesis, Cd34-/- mice did not exhibit significant 

resistance to Salmonella-induced fibrosis.  Cd34-/- mice were, however, extremely 

sensitive to bleomycin-induced lung injury displaying greater weight loss and higher 

rates of mortality.  Although, eosinophil recruitment to the lungs was attenuated during 

the acute phases of lung damage in the absence of CD34, these cell types are sparse in 

this model representing only a small percentage of total airway inflammatory infiltrates.  

However, we found clear evidence of more severe interstitial edema in injured-lung 

tissues by electron microscopic analysis.  Moreover, using bone marrow chimeric mice, 

this sensitivity to lung injury was found to be the result of Cd34 deletion in non-

hematopoietic cells.  In aggregate, our data provide support for the hypothesis that CD34 

is required for the maintenance of vascular integrity in response to acute lung injury and 

that, in its absence, mice suffer from pathology associated with increased vascular leak. 
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Chapter 2. 

Orphan nuclear receptor RORα-dependent immunity in Salmonella-induced 

intestinal fibrosis 

 

2.1 Introduction 

 Fibrosis is the pathological deposition of extracellular matrix (ECM) associated 

with persistent inflammation.  The contribution of the hematopoietic system to this 

process has been widely investigated and numerous leukocyte subsets are implicated in 

driving fibrotic remodeling including M2 macrophages, neutrophils, eosinophils, mast 

cells and lymphocytes (70, 72).   In particular, type 2 immune responses have long been 

associated with tissue fibrosis and IL-4 and IL-13 signaling has been shown to drive 

tissue remodeling and ECM deposition in the liver in response to Schistosoma mansoni 

infection (143).  In mucosal tissues both CD4+ T helper 2 (Th2) and Th17 cells have been 

linked to the development of tissue fibrosis. For example, in a mouse model of chronic 

gut inflammation and fibrosis, an overlapping production of IL-13 and IL-17A coincides 

with the appearance of fibrotic tissue, which suggests the pathology may be driven by a 

mixed Th2 and Th17 response (144). 

 Innate lymphoid cells (ILCs) are a recently identified subset of leukocytes and a 

prominent source of cytokines with profiles similar to those of T helper cells, yet these 

cells lack antigen-specific receptors and their temporal production of cytokines precedes 

adaptive immune responses.  ILCs can be classified based on their transcript and cytokine 

profiles; for instance, group 2 ILCs (ILC2s) are GATA3- and RORα-dependent and 

produce IL-5 and IL-13 while group 3 ILCs (ILC3s) express RORγt and are a source of 
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IL-17A and IL-22.  ILCs have broad functions in host defense responses against 

pathogens, maintenance of tissue homeostasis, and pathologies such as allergic asthma 

and colitis (20).  Recently, ILC2s were shown to have the capacity to drive excessive 

lung collagen deposition; likewise, analyses of idiopathic pulmonary fibrosis patient 

bronchoalveolar lavage fluid (BAL) revealed an expansion of ILC2s, providing 

correlative evidence that ILCs may be pathogenic in fibrotic remodeling (135).  Despite 

their pathogenic role in these models, ILC2s have also been shown to play a critical role 

in tissue repair. For example, in mouse models of lung influenza infection (145) and 

DSS-induced colitis (146) ILC2s aid tissue repair through their production of 

amphiregulin.  Similarly, ILC3s in the gut demonstrate protective or pathogenic roles 

depending on context.  ILC3s are necessary for pathogen clearance (95, 147) and gut 

tissue repair following chemotherapy-induced injury (148).  This is likely through IL-22-

dependent activation of epithelial progenitors (148), but ILC3s can also promote 

intestinal tumor formation in a chronic inflammatory setting (57).   In summary, there are 

data to support both beneficial and pathogenic roles for ILC2s and ILC3s in tissue 

remodeling. 

 Crohn’s disease (CD) is primarily characterized as a Th17-driven disease (33), 

and distinct IL-23-dependent ILCs that produce IL-17A and IL-22 are also elevated in 

CD patient samples (108, 149) arguing for a role for Th17 cytokines. Conversely, other 

studies have suggested that ILC2s and eosinophils are contributing factors to CD 

progression through an IL-13 dependent accumulation of matrix-producing fibroblasts 

(136, 150).  Thus, there is evidence to support both Th2 and Th17 responses in the 
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pathology of CD. However, the direct involvement of ILCs in driving excessive tissue 

remodeling and ultimately fibrosis in the gut remains unclear.   

 RORα is a transcription factor known to regulate ILC2 development.  It is closely 

related to RORγt, which is a critical regulator of Th17 and ILC3 subsets including 

lymphoid tissue-inducer cells (92, 151, 152).  Moreover, in the Th17 lineage, RORγt and 

RORα are co-expressed and function synergistically for lineage maintenance and 

cytokine production (96).  Previously we showed that Rorasg/sg bone marrow transplant 

(BMT) chimeric mice provide a suitable model of ILC2 deficiency as they selectively 

lack ILC2s while other leukocyte lineages, including other ILCs, are present at steady 

state (102).  Furthermore, Rorasg/sg BMT animals are protected from type 2 immune lung 

pathology (102, 153, 154).   We used a similar strategy to evaluate the role of ILC2s in a 

Salmonella-induced model of gut fibrosis.  Strikingly, we show that RORα is required for 

a fibrotic response. Surprisingly, this is not through regulation of ILC2-dependent 

production of type 2 cytokines, but rather through a previously unrecognized role for 

RORα in the production of cytokines from ILC3s. We also find that restoration of ILCs 

in Rorasg/sg BMT mice is sufficient to reestablish susceptibility to fibrotic disease.  These 

data provide evidence that ILC3s contribute to fibrosis, and offer RORα as a new 

therapeutic target for fibrotic tissue remodeling. 
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2.2 Materials and Methods 

 

2.2.1 Mice 

 C57BL/6J, B6.SJL-PtprcaPepcb/BoyJ (CD45.1), B6.C3(Cg)-Rorasg/J (Rorasg/sg), 

C.129S1(B6)-Gata1tm6Sho/J (ΔdblGATA),  C.129S2-Stat6tm1Gru/J (Stat6-/-), and B6.129S7-

Rag1tm1Mom/J (Rag1-/-) mice were maintained in a specific pathogen-free environment at 

the Biomedical Research Centre (UBC).  BM chimeras were generated by lethally 

irradiating and reconstituting CD45.1 animals with two million BM cells isolated from 

WT or Rorasg/sg littermates. For Rag1-/- co-transplant experiments, WT or Rorasg/sg BM 

cells were mixed 1:1 with Rag1-/- BM cells for reconstitution.  Animals were used at least 

8 weeks after transplantation.  All experiments performed were approved by the UBC 

Animal Care Committee. 

 

2.2.2 Infection model 

 Mice were treated with 20 mg of streptomycin by oral gavage 24 hours prior to 

oral infection with 3 X 106 Salmonella Typhimurium ΔaroA CFU in 100 µL PBS.  At 

various time points, tissues were collected and homogenized in sterile PBS; serial 

dilutions of the homogenates were plated on LB agar plates (100 µg/mL streptomycin) 

for bacterial enumeration.  For cytokine neutralizing experiments, mice were injected 

intraperitoneally with 200 µg of antibodies against IL-17A (Janssen, CNTO 8096), 200 

µg of antibodies against IL-22 (Genentech, 8E11) or their respective isotype controls 

(Janssen, CNTO 2407; Genentech, GP120:9709) three times per week beginning at 7 

days after infection, and sacrificed at day 21 pi for tissue collection. 
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2.2.3 Histology and immunohistochemistry  

 Formalin fixed and paraffin embedded tissues were cut into 5-µm sections for 

Masson’s trichrome (MT) staining.  Cecal pathology assessed by scoring the lumen, 

surface epithelium, mucosa, and submucosa as described previously (51).  For 

immunostaining, tissue sections were deparaffinized, rehydrated, and underwent antigen 

retrieval; antibodies against type 1 collagen (ABcam), type 3 collagen (Fitzgerald), 

vimentin (ABcam), and desmin (Santa Cruz) were used, followed by incubation with 

Alexa Fluor-conjugated secondary antibodies (Life Technologies).  Sections were then 

mounted using ProLong Gold Antifade with DAPI (Life Technologies).  Optical z-stack 

images were captured on a Leica SP5X confocal microscope and analyzed using ImageJ. 

 

2.2.4 Quantitative RT-PCR 

 Total RNA was extracted from the terminal ends of cecal tissue using Trizol 

(Invitrogen) was reverse transcribed with a high-capacity cDNA RT kit (Thermo).  

Quantitative real-time PCR was performed using SYBR green chemistry (KAPA) and 

gene-specific primer pairs (Appendix 1) on an AB7900 RT-PCR system. 

 

2.2.5 Cytokine detection 

 Concentrations of TNF, IL-6, MCP-1, IFN-γ, IL-12p70, IL-10, and IL-17A in 

cecal homogenates were determined using a cytometric bead array (BD Biosciences); 

TGF-β1 and IL-22 levels were determined by plate ELISA kits (eBiosciences) according 

to manufacturer’s instructions. 



 30 

 

2.2.6 Immune analysis and flow cytometry 

 Mesenteric lymph nodes were excised and passed through a 70-µm filter to 

generate single cell suspensions.  Leukocytes were isolated from ceca by flushing luminal 

contents, mincing and incubating tissues in 1.5 U/mL collagenase D and 2.4 U/mL 

dispase II (Roche) for 30 minutes at 37˚C with gentle rotation; samples were then passed 

through a 70 µm filter and hematopoietic cells were enriched by Percoll (GE) separation.  

Cells were restimulated using 50 ng/mL PMA and 750 ng/mL ionomycin (Sigma) in the 

presence of brefeldin A (eBiosciences) for 4 hours.  For ex vivo stimulation experiments, 

leukocytes were purified from the lamina propria of naïve small intestines and cultured in 

the presence of 20 ng/mL IL-2, IL-1b, and IL-23 (eBiosciences) for 2 hours followed by 

the addition of 50 ng/mL PMA, 750 ng/mL ionomycin, and 3 ug/mL brefeldin A 

(eBiosciences) for 3 hours.  Samples were then incubated with 5 µg/mL anti-CD16/32 

(2.4G2, in house) to block non-specific antibody binding.  Fluorescence-conjugated 

antibodies to CD45.2 (104), CD8 (53.67), CD11b (M1/70), CD11c (N418), CD19 (1D3), 

NK1.1 (PK136), Gr1 (RB6-8C5), Ter119, CD3e (145-2C11), CD90.2 (30-H12), KLRG1 

(2F1), Sca-1 (D7), IL-17A (eBio17B7), and IL-22 (1H8PWSR) were used.  A fixation 

and permeabilization buffer set (eBiosciences) was used for intracellular cytokine 

staining and a fixable viability dye (eBiosciences) was used for dead cell exclusion.  Data 

was acquired on a BD LSRII, and analyzed using FlowJo. 
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2.2.7 RNA sequencing 

 ILC3s were sorted directly into TRIzol LS reagent (Thermo) for RNA isolation.  

ILC3 RNA sample quality was assessed using the Agilent 2100 Bioanalyzer to check for 

RNA integrity; qualifying samples were then prepared following the standard protocol 

for the TruSeq stranded mRNA library kit (Illumina) on the Neoprep Library System 

(Illumina).  Sequencing was performed on the Illumina NextSeq 500 with Paired End 

75bp x 75 base pair reads.  De-multiplexed read sequences were then aligned to the Mus 

musculus mm10 reference sequence using TopHat2 splice junction mapper and 

differential expression assessed using Cuffdiff through bioinformatics applications 

available on Basespace. 

 

2.2.8 Statistical analysis 

 Results are presented as mean +/- SEM; statistical significance was determined by 

unpaired Student’s t test. 

 

2.3 Results 

 

2.3.1 Salmonella-induced gut pathology is dependent on hematopoietic expression of 

RORα 

 We generated Rorasg/sg BMT mice and evaluated how they respond to infection 

with the ΔaroA strain of Salmonella Typhimurium, which induces robust ECM 

deposition in the cecum (51). We found no differences in pathogen burdens in the ceca or 

spleens of WT BMT and Rorasg/sg BMT mice at days 7, 21, and 35 postinfection (pi), 
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indicating that Rora is dispensable for Salmonella clearance (Fig. 2.1A). In addition, we 

found similar degrees of mucosal thickening, edema, and inflammatory infiltrates in these 

animals at day 7 pi (Fig. 2.1B).  In contrast, at 21 days pi, during peak fibrosis, we 

observed pronounced epithelial cell hyperplasia and pathological remodeling of normal 

tissue architecture, including disruption and thickening of the basal lamina in WT BMT 

ceca, whereas we found a striking attenuation in collagen deposition and dampened 

immunopathology in cecal sections of Rorasg/sg BMT mice.  Similarly, by day 35 pi, 

much of the pathology and inflammation was resolved in Rorasg/sg BMT mice, with 

mucosa thickness returning to levels similar to uninfected samples (albeit with some 

residual collagen in the submucosal regions) (Fig. 2.1B).  Conversely, WT BMT cecal 

sections revealed persistent tissue inflammation and lymphoid cell aggregates at this time 

point (Fig. 2.1B, C).  
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Figure 2.1. Hematopoietic expression of Rora mediates S. Typhimurium ΔaroA 

driven cecal immunopathology and fibrosis.  WT and Rorasg/sg BMT mice were 

infected with Salmonella and sacrificed 7, 21, and 35 days pi. (A) Salmonella 

colonization of ceca and spleens of infected animals. CFU, colony-forming unit.  (B) 
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Masson’s trichrome (MT)-stained cecal tissue sections. L, lumen; SE, surface epithelium; 

M, mucosa; SM, submucosa.  Arrowheads indicate submucosal collagen accumulation 

visualized by blue staining.  Scale bar, 200 µm. (C) Pathology scores of the luminal, 

epithelial, mucosal, and submucosal subsections of cecal tissue.  *, p < 0.05, (n=5-7 per 

group). 

 

 In evaluating cytokine production, we found Tnfa and Il6 transcripts were present 

at similar levels at day 7 pi, but were significantly reduced in Rorasg/sg BMT cecal 

samples at the day 21 and 35 time points (Fig. 2.2A).  Consistent with these mRNA 

results, quantification of cytokines in cecal homogenates revealed significantly less TNF, 

IL-6, MCP-1, and IL-10 (but comparable levels of IL-12p70 and IFN-γ) in Rorasg/sg BMT 

samples when compared with their WT BMT counterparts at day 21 pi (Fig. 2.2B).  In 

summary we found that the deletion of Rora lead to attenuated inflammatory responses 

associated with fibrosis and these correlated with a more rapid resolution of 

immunopathology and tissue architecture during the late phases of chronic Salmonella 

infection. 
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Figure 2.2. Attenuated inflammation in infected Rorasg/sg cecal tissues.  (A) Transcript 

levels of pro-inflammatory cytokines Tnfa and Il6 in ceca normalized to Gapdh.  (B) 

Protein levels of TNF, IL-6, MCP-1, IFN-γ, IL-12p70, and IL-10 in naïve and 21 days pi 

cecal homogenates as determined by cytometric bead array (CBA) normalized to total 

tissue protein.  *, p < 0.05 (n=5-6 per group; or pooled from 2 independent experiments, 

n= 11, 12).  Significance determined by unpaired student’s t test. 

 

2.3.2 Fibrosis is attenuated in Rorasg/sg BMT mice during chronic infection 

 Consistent with a role for RORα in driving fibrosis we found significantly 

reduced levels of Col1a2 and Tgfb1 transcripts and TGF-β1 protein in Rorasg/sg BMT 

ceca at days 21 and 35 pi (Fig. 2.3A, B).   
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Figure 2.3.  Reduced collagen and TGF-β1 levels in cecal tissue of infected Rorasg/sg 

BMT animals. (A) Cecal transcript levels of Col1a2 and Tgfb1 normalized to Gapdh.  

(B) TGF-β1 protein levels of cecal homogenates normalized to total protein. *, p < 0.05 

(n=5-7 per group).  Significance determined by unpaired student’s t test. 

 

 Immunofluorescent staining for type 1 collagen (Col1) in WT BMT tissues 

indicated that the most pronounced collagen deposition occurs in the submucosal (SM) 

region of the cecum, with more modest accumulation in the mucosa, 21 and 35 days pi;  

strikingly, there was less SM Col1 staining in the Rorasg/sg BMT ceca at days 21 and 35 

pi (Fig. 2.4A). Next, we visualized fibroblast accumulation at day 21 pi by staining for 

the common fibroblast markers vimentin and desmin (51).  We found substantial 

accumulation of vimentin and desmin positive cells across the mucosal and SM regions 

of WT BMT ceca; desmin staining was particularly enriched within the basal lamina 

which appeared thicker in WT than in Rorasg/sg BMT samples (Fig. 2.4B).  Taken 

together our results indicate that, by all criteria, Rorasg/sg BMT animals were protected 

from intestinal fibrosis with reduced collagen and fibroblast accumulation in the cecum. 
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Figure 2.4.  Attenuated collagen deposition and reduced fibroblast cell numbers in 

cecal tissue of chronically infected Rorasg/sg BMT animals. (A) Immunofluorescence 

images of cecal sections stained for type 1 collagen (Col1, magenta) and nuclei (DAPI, 

cyan). Scale bar, 100 µm. (B) Desmin (magenta), vimentin (blue), and nuclear (DAPI, 

cyan) staining for fibroblasts in cecal tissues 21 days pi.  Arrowheads indicate desmin+ 

staining in the basal lamina.  Scale bar, 100 µm. 
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levels in fibrotic WT BMT cecal tissues were similar to infected tissues of Rorasg/sg BMT 

animals, and importantly, were reduced or unaltered when compared with uninfected 

samples (Fig. 2.5). 

 

 

Figure 2.5. Assessment of Il5 and Il13 transcript levels in WT and Rorasg/sg gut 

tissues at various time points postinfection. 
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Figure 2.6.  Eosinophils are dispensable in S. Typhimurium ΔaroA-dependent gut 

inflammation and fibrosis. (A-D) Eosinophil deficient ΔdblGATA and their respective 

WT controls were infected with Salmonella and sacrificed 21 days pi. (A) Cecal and 

splenic Salmonella burdens of infected animals (n=10 per group; data from two 

independent experiments). (B) MT-stained cecal sections and (C) their corresponding 

pathology scores.  (D) Transcript levels of Tnfa, Il6, Col1a2, Tgfb1, and Epx of infected 

cecal tissues normalized to Gapdh.  *, p < 0.05 (n=5 per group).  Significance determined 

by unpaired student’s t test. 

 

 In many examples of fibrosis, STAT6 plays an essential role as a transcriptional 

mediator of downstream IL-4/IL-13 receptor signaling involved in the propagation of 

other type 2 immune cells (72).  Following infection with Salmonella, we found that 

Stat6-/- and WT animals exhibited similar pathogen burdens in the cecum and the spleen 

(Fig. 2.7A) and displayed a similar degree of pathology in the cecum (Fig. 2.7B, C).  

Furthermore, we observed comparable levels of Col1a2, Tgfb1, Tnfa, and Il6 expression 
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STAT6 in Th2 effector function signaling are dispensable for Salmonella-induced gut 

fibrosis. 

 

 

Figure 2.7. STAT6 signaling is dispensable in S. Typhimurium ΔaroA-dependent gut 

inflammation and fibrosis. (A) Pathogen burdens of Salmonella infected ceca and 

spleens of infected  Stat6-/- and WT animals (n=7, 8; data from single experiment). (B) 

MT-stained infected cecal tissues and (C) their corresponding pathological scores.  (D) 

Transcript levels of Tnfa, Il6, Col1a2, and Tgfb1 of Salmonella infected ceca normalized 

to Gapdh.  Scale bar, 200 µm. 
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(mLNs) at steady state (102), several studies have detected high Rora transcript levels in 

gut ILC3s (155, 156) or ILC3-like subsets (94, 157).  Despite these observations, the 

importance of RORα expression in regulating ILC3s in the context of inflammatory 

diseases is unknown. We therefore evaluated Th17 and ILC3 associated cytokines in 

infected Rorasg/sg BMT ceca.  These mice exhibited a decrease in cecal Il17a and Il22 

transcripts at days 21 and 35, and a corresponding reduction in IL-17A and IL-22 protein 

in cecal homogenates (Fig. 2.A, B).  Consistent with this observation, we previously 

reported significantly reduced levels of IL-17A in the lungs of Rorasg/sg BMT mice in 

both Ova- and HDM-induced models of allergic disease (153).  We conclude that Th17-

biased immune responses are highly attenuated in RORα-deficient mice. 

 

 

Figure 2.8.  Reduced IL-17A and IL-22 levels in cecal tissue of infected Rorasg/sg 

BMT animals. (A) Transcripts of Il17a and Il22 in WT and Rorasg/sg BMT ceca 

normalized to Gapdh.  (B) Protein levels of IL-17A and IL-22 in cecal homogenates 

normalized to total protein. *, p < 0.05 (n=5-7 per group).  Significance determined by 

unpaired student’s t test. 
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Figure 2.9. ILC3 production of IL-17A and IL-22 is Rora dependent in response to 

chronic Salmonella infection. (A) Total ILC3s (CD45+ Linneg CD90high KLRG1neg) per 

mLN 21 days pi. (B-D) Intracellular staining of IL-17A and IL-22 of mLN leukocyte 

subsets following restimulation with PMA, ionomycin, and BFA.   Donor versus 

recipient hematopoietic cells determined by expression of congenic CD45.  Percentages 

of IL-17A+ and IL-22+ mLN ILC3s (B) and CD3e+ lymphocytes (C).  (D) Comparison of 

peripheral blood chimerism with percent contribution of total IL-17A+ or IL22+ events 

from BM-donor derived versus radio-resistant recipient hematopoietic cells.  Percentages 

of IL-17A+ and IL-22+ cecal ILC3s (E) and CD3e+ lymphocytes (F).  *, p < 0.05 (n=5-7 

per group).  Significance determined by unpaired student’s t test.  Significance 

determined by unpaired Student’s t test. 
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BMT mLNs at 21 days pi (Fig 2.9A).  Intriguingly, despite their normal frequency, we 

found highly attenuated IL-17A and IL-22 production in ILC3s of Rorαsg/sg BMT mice 

(Fig. 2.10B).  This was further supported by evaluation of residual, radio-resistant WT 

ILC3 present in the mLN of Rorasg/sg BMT chimeric mice. These cells represented 

roughly 10% of the mLN ILC3 as determined by allotype marker staining and produced 

normal levels of IL-17A and IL-22 (Fig. 2.9B).  This suggests that defective cytokine 

production by Rorasg/sg ILC3s is cell-intrinsic and independent of potential alterations in 

the composition of the inflammatory environment.  Consistent with previous 

characterization of RORα in Th17 cells (96), Rorasg/sg CD3+ T cells isolated from mLNs 

of infected animals had reduced IL-17A but unaltered IL-22 production compared to WT 

T cells (Fig. 2.9C).   

 Peripheral blood analyses of BM chimeras revealed approximately 90% donor-

derived CD45.2+ cells, and 10% CD45.1+ radio-resistant host-derived cells (Fig. 2.9D).  

More selective analyses of IL-17A+ mLN cells in WT BMT mice revealed 73% IL-17A+ 

cell chimerism suggesting there was a subset of tissue-specific, radio-resistant IL-17A-

producing cells (Fig. 2.9D).  Interestingly, these cells were more frequent in Rorasg/sg 

BMT chimeras, with only 55% of total IL-17A+ cells originating from donor BM cells. 

Host and donor contributions to IL-22+ cells in both WT and Rorasg/sg BMT mice 

overlapped with their respective peripheral blood chimerism indicating a lack of IL-22+ 

cell enrichment in the tissue-resident, radio-resistant population (Fig. 2.9D).  Consistent 

with mLN cell analyses, ILC3s isolated from the ceca of Rorasg/sg BMT mice had reduced 

IL-17A and IL-22 production compared with WT BMT ILC3s (Fig. 2.9E); RORα-

deficient cecal CD3+ T-cells also displayed attenuated IL-17A but normal IL-22 
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expression (Fig. 2.9F).  In summary, we conclude that there is a clear defect in cytokine 

production by Th17 and ILC3 cells in Rorasg/sg BMT mice.  

 

2.3.5 Salmonella-induced gut fibrosis is dependent on Rora+ ILC3 

 To further evaluate the ILC- versus T cell-dependent contributions to fibrosis in 

our experimental model, we generated mixed BM chimeras by reconstituting lethally 

irradiated mice with equal numbers of BM cells from Rag1-/- mice combined with either 

WT or Rorasg/sg BM cells.  The rationale was that co-transplanting Rag1-/- and Rorasg/sg 

BM cells would restore normal ILC3s (Rag1-/--derived) without altering the Rorasg/sg–

derived T cell compartment.  At 21 days pi we found cecal and splenic Salmonella 

burdens in these mice were similar (Fig. 2.10A).  MT-stained cecal tissues from these 

Rag1-/-/Rorasg/sg BMT animals revealed immunopathology and fibrosis comparable to 

Rag1-/-/WT BMT animals (Fig. 2.10B), including a similar degree of epithelial cell 

hyperplasia, inflammatory infiltrates, and collagen deposition in the submucosal regions, 

which was represented in the pathology scores (Fig. 2.10C).  Further, we found similar 

transcript levels of Col1a2, Tgfb1, Tnfa and Il6 in infected ceca of Rag1-/-/WT and Rag1-

/-/Rorasg/sg BMT animals (Fig. 2.10D).  Quantification of IL-17A and IL-22 in cecal 

homogenates indicated that these cytokines are restored to comparable levels in Rag1-/-

/WT BMT and of Rag1-/-/Rorasg/sg BMT samples (Fig. 2.10E). In summary, these data 

argue that Rora-expressing ILC3s are sufficient to cause fibrosis. 
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Figure 2.10.   Restoring the innate cell compartment in Rorasg/sg BMT mice is 

sufficient to cause fibrosis.  S. Typhimurium ΔaroA infection of Rag1-/-/WT and Rag1-/-

/Rorasg/sg mixed BMT chimeras. (A) Bacterial counts of ceca and spleens 21 days pi.  (B) 

MT-stained cecal tissue with (C) corresponding pathology scores.  (D) Relative mRNA 

expression of Tnfa, Il6, Col1a2, and Tgfb1 in infected ceca normalized to Gapdh.  (E) IL-

17A and IL-22 protein quantification in cecal homogenates.  Representative data from 

two independent experiments (n = 5 or 7 per experiment).  Scale bar, 200 µm. 
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 To gain further mechanistic insights into the role of RORα in ILC3 behavior, we 
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analysis.  We found a striking reduction in the expression levels of a number of ILC3-
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local inflammatory milieu including receptors for IL-1β, IL-23, and IL-17.  Therefore, 

these data would suggest that loss of RORα leads to a lesion upstream of cytokine 

production in ILC3s.  Consistent with the down regulation of the Rorc, we observed an 

increase in the majority of transcripts uniquely associated with the “ex-Rorγt” ILC3 

subset (156); these cells displayed an increased expression of T-bet and a reduced 

capacity to produce IL-17A and IL-22 (53, 158).  This functional ILC plasticity is 

modulated by environmental cues and the contrasting gradient expression of T-bet and 

Rorγt (53, 158).  These results indicate that RORα plays a role in preserving functional 

ILC3 in a chronic inflammatory setting. 

 

Figure 2.11.  RNA-seq analysis of WT and Rorasg/sg ILC3s.  Heat map ranking 

significantly (P < 0.05) altered core ILC3 and ex-Rorgt ILC3 gene signatures described 

previously (156). ILC3s defined by CD45.2+ Lineage- CD90+ KLRG1- were isolated from 

the mesenteric lymph nodes of WT BMT and Rorasg/sg BMT mice 21 days after 

Salmonella infection; each column represents an individual animal (n = 4, 5).  

  

 Next, we assessed RORα-dependent functions in integrating defined ILC3-

activating signals for cytokine production.  We purified leukocytes from the lamina 

propria of the small intestines of WT and Rorasg/sg chimeric mice and cultured them in the 

presence of IL-1β, IL-23, and IL-2.  Consistent with the transcriptome analysis, we found 

R
O

R
γt

IL-17A

Core ILC3

“Ex-Rorγt” ILC3

WT BMT Rorasg/sg BMT

WT BMT Rorasg/sg BMT



 47 

a reduction in Rorγt-expressing cells in the bulk sorted Rorasg/sg ILC3 population.  

Moreover, Rorasg/sg ILC3s displayed a striking defect in IL-17A expression, which 

suggests that they are unresponsive to IL-1β, IL-23, and IL-2 stimulation likely due to 

attenuated receptor expression. 

 

 

Figure 2.12.  RORγt and IL-17A expression in WT and Rorasg/sg ILC3s.  Cells were 

isolated from the small intestine lamina propria and stimulated ex vivo in the presence of 

20 ng/mL IL-2, IL-1b, and IL-23.  ILC3s (CD45+ Lineage- CD90+ KLRG1-) were sorted 

by flow cytometry and analyzed for RORγt and IL-17A expression. 

 

2.3.7 IL-17A and IL-22 neutralization in chronic Salmonella infection 

 To determine the functions of ILC3- and Th17-derived cytokines in experimental 

intestinal fibrosis, we treated Salmonella-infected mice with neutralizing antibodies 

against IL-17A or IL-22.  Although we found that the Salmonella burdens in the spleens 

and the ceca of isotype control and anti-IL-17A treated mice were unaltered (Fig. 2.13A), 

we observed reduced pathology in the ceca of animals treated with antibodies against Il-

17A (Fig. 2.13B) as MT-stained cecal sections exhibited an attenuation in epithelial 

remodeling and fibrotic scarring (Fig. 2.13C).  Moreover, IL-17A neutralization resulted 
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in a decrease in SM collagen accumulation (Fig. 2.13D).   Our results indicate fibrosis 

during the late phases of chronic Salmonella infection is IL-17A dependent. 

 

 

Figure 2.13. Neutralizing antibodies against IL-17A attenuates fibrosis following 

Salmonella infection.  Isotype control (iso) or neutralizing antibodies against IL-17A (α-

IL-17A) were administered intraperitoneally to infected mice and sacrificed at day 21.  

(A) Salmonella counts in ceca and spleens.  (B-C) Cecal pathology scores and MT-

stained tissue sections. L, lumen; SE, surface epithelium; M, mucosa; SM, submucosa..  

Scale bar, 200 µm. (D) Quantification of submucosal collagen surface area normalized to 

total tissue surface area. *, p < 0.05 (n=12, 13 per group, results from two independent 

experiments).    Significance determined by unpaired Student’s t test. 
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suppression resulted in disrupted epithelial cell organization within the mucosa and 

surface epithelial barrier (Fig. 2.14C, D). 

 

Figure 2.14. Antibody suppression of IL-22 results in disrupted epithelial barrier 

maintenance following Salmonella infection.  Isotype control or neutralizing antibodies 

against IL-22 were administered intraperitoneally to infected mice and sacrificed at day 

21.  (A) Salmonella counts in ceca and spleens (n=20, 24, results pooled from 3 

independent experiments). (B) Transcript levels of IL-22 dependent anti-microbial 

peptides Reg3b and Reg3g (n = 6 per group).  (C) MT-stained tissue sections. L, lumen; 

SE, surface epithelium; M, mucosa; SM, submucosa.  Scale bar, 200 µm. (D) 

Visualization of epithelial cells in chronically infected cecal sections by β-catenin (red) 

immunofluorescent staining and nuclei (cyan). Scale bar, 75 µm. 
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2.4 Discussion 

 This report provides important insights into Rora-dependent immune function and 

Crohn’s-like fibrotic disease.  Using a model of Salmonella induced intestinal fibrosis, 

we found that hematopoietic deletion of Rora protected animals from fibrogenesis in the 

gut.  Assessment of tissue pathology and cytokine analysis during the pre-fibrotic phase 

at day 7 pi suggests early inflammatory responses were comparable in WT and Rorasg/sg 

BMT animals.   Furthermore, Salmonella burdens in the gut and spleen during initial 

colonization were unaltered by hematopoietic Rora expression.  These observations 

suggest that RORα does not influence initial inflammatory responses, or the host’s ability 

to clear the infection, but rather plays a specific role in generating a pro-fibrotic response 

in the gut during late stages of chronic Salmonella infection.  The apparent disconnect 

between bacterial colonization and the severity of fibrosis is consistent with previous 

reports which demonstrate that intestinal fibrosis does not require the presence of 

Salmonella as a persistent inflammatory stimulus (159, 160).  Instead, the pathology 

becomes self-propagating and is largely irrespective of interventions that attempt to 

reduce pathogen burdens or repress early inflammatory responses. 

 Although gut fibrosis that develops following chronic Salmonella infection 

strongly correlates with a Th17 response (51), we initially sought to examine the 

contributions of type 2 immune cell-associated cytokines in fibrosis. This is relevant for 

several reasons.  First, in a mouse model of TNBS-induced colitis, peak IL-4 and IL-13 

cytokine levels were reported during the late phases of inflammation and were associated 

with tissue remodeling and fibrosis (144).  Second, ILC2s are well known to recruit 

eosinophils by their secretion of IL-5 (161); eosinophilia has been linked previously to 
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stricture complications in CD patients and IL-13 has been reported to promote gut 

fibroblast activation (150).  Therefore, while it is likely ILC2s are irrelevant during the 

early phase of Salmonella infection, their role in downstream fibrotic remodeling has not 

been thoroughly investigated.  While we observed a profound attenuation in collagen 

deposition in infected Rorasg/sg BMT ILC2 deficient animals, IL-13 and IL-5 levels were 

not markedly altered in fibrotic gut tissue when compared to uninfected controls.  In 

support of these observations, we found that fibrosis is not diminished in cecal tissues of 

infected ΔdblGATA or Stat6-/- mice, which suggests that eosinophils and STAT6 

signaling as mediators of Th2 effector cell functions are dispensable for Salmonella-

induced fibrosis.  Theses findings argue strongly for a Th2/ILC2-independent role for 

RORα in fibrosis.  In examining other eosinophil derived factors previously implicated in 

IBD, the reduction in Epx1 was fully expected since infected ΔdblGATA mice lack 

eosinophils and therefore, this selective marker.  Eosinophils are also a well-known 

source of TGF-β1 and therefore it is perhaps not surprising that its production is lower in 

these animals.  The fact that loss of eosinophils as a source of TGF-β1 has no effect on 

the fibrotic outcome, however, is intriguing.  One could argue that the residual levels of 

TGF-β1 we observed in the eosinophil-deficient mice was necessary but not sufficient to 

induce fibrosis and that a second signal was required.  Based on our antibody suppression 

experiments we would argue that IL-17A is one such factor and a critical driver of 

fibrotic disease. 

 Consistent with a previous report identifying RORα as an important 

transcriptional mediator of Th17 cell cytokine production (96), we found that IL-17A and 

IL-22 levels were diminished in infected cecal tissue of Rorasg/sg BMT mice compared 
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with WT samples. Interestingly, normal IL-17A and IL-22 production by ILC3s was 

Rora dependent while IL-17A expression by T cells was also impaired in Salmonella-

infected Rorasg/sg BMT animals.  This defect in cytokine production by RORα-deficient 

ILC3s and Th17 cells was further illustrated by a ~50% increase in the relative proportion 

of radio-resistant, host-derived IL-17+ cell numbers in mLNs of Rorasg/sg BMT animals 

when compared to WT controls.  The persistence of WT radio-resistant subsets represents 

a caveat in our BMT model.  However, despite the presence of a larger relative 

population of IL-17A producing radio-resistant host-derived cells, the cumulative effect 

of deleting Rora in donor cells was sufficient to attenuate the fibrotic phenotype.  To 

delineate the contributions of ILC3s and Th17 cells to the phenotype in our disease 

model, we restored WT innate cells by co-transplanting mixed Rag1-/- and Rorasg/sg BM 

cells into recipient animals.  Following Salmonella infection, these mice developed 

fibrotic disease in the gut and had IL-17A and IL-22 levels similar to their Rag1-/- /WT 

BMT counterparts.  These data demonstrates that ILC3s are sufficient to cause fibrosis, 

but does not formally rule out an additional role of Th17 cells.  New technological 

approaches to selectively deplete ILC3s or ablate Rora in ILC3s would be necessary to 

definitively address this question. 

 While we have shown that antibody mediated neutralization of IL-17A protected 

against fibrosis in a Salmonella-induced model, the clinical importance of these findings 

may be questioned since anti-IL-17A antibody treatment failed as a therapy in a clinical 

trial of Crohn’s disease patients due to lack of efficacy and adverse side effects (162).  

However, Crohn’s disease manifests itself in many ways and fibrosis is only detected in a 

subset of these patients.  Importantly, patients with “stricture causing obstructive 



 53 

symptoms” were excluded from this clinical trial.  With this in mind, we would argue that 

the effects of anti-IL-17A on stricture formation and maintenance in humans remain an 

open question and that further study is justified. 

 Although RORα and RORγt are related members of a subfamily of nuclear 

orphan receptors, each possess distinct and some overlapping functions in hematopoietic 

development.  Unlike Rorc deletion, which ablates ILC3s and Th17 cells, the effect of 

Rora deletion on these subsets appears to be far more subtle and limited to an attenuation 

of cytokine production.  There has been strong interest in developing RORγt inhibitors as 

a therapy for Th17- or ILC3- mediated disorders (114, 163, 164). However, there are 

some concerns with this strategy as RORγt+ regulatory T cells were found to be critical in 

limiting disease severity in experimental colitis (100, 165).  Moreover, RORγt regulates 

thymocyte differentiation and aged Rorc-/- mice exhibit a very high frequency of T cell 

lymphoma (166).  Our findings argue that RORα may serve as a more attractive 

therapeutic target for Crohn’s disease associated fibrosis and that development of 

selective inhibitors of RORα (that spare RORγt) is warranted.  
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Chapter 3. 

Loss of vascular CD34 results in increased sensitivity to lung injury 

 

3.1 Introduction 

 Although the adult lung has a robust capacity to regenerate following acute injury, 

dysregulation of normal wound healing processes leads to fibrosis and loss of organ 

function. These observations have prompted extensive studies into the identification of 

lung progenitor populations capable of facilitating lung repair (68, 167).  The cell surface 

sialomucin CD34 is a widely used marker for the enrichment of primitive multipotent 

hematopoietic cells for bone marrow (BM) transplantation (168, 169).  More recently, its 

utility as a marker for progenitor cells has been extended to non-hematopoietic subsets 

including muscle satellite cells (118), hair follicle stem cells (117), multipotent stromal 

cells (170, 171), bronchoalveolar stem cells (BASCs) (172, 173) and lung-resident 

endothelial progenitors (174).  Since CD34 is highly expressed by multiple progenitor 

populations and downregulated in differentiated states, it has been hypothesized that 

CD34 may play a role in cycling of undifferentiated precursors (115), but functional 

studies instead suggest that CD34 is an important regulator of cell adhesion and 

chemotaxis.  In lymphoid tissues, a distinct glycoform of CD34 is expressed by high 

endothelial venules (HEVs) and serves as a ligand for L-selectin on lymphocytes thereby 

mediating naïve cell recruitment to lymph nodes (122).  While this suggests that CD34 

can, in some cases, facilitate adhesion, this glycoform of CD34 is exquisitely specific to 

rare HEVs and, thus, is unlikely to promote adhesion in other tissues.  We and others 

have noted that CD34 is also expressed by a number of more mature hematopoietic 
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subsets including eosinophils (125, 126), mast cells (123, 125, 175), dendritic cell (DC) 

precursors (124), fibrocytes, and circulating endothelial progenitors (176, 177).  

Intriguingly, deletion of CD34 in mast cells results in homotypic aggregation suggesting 

an alternate role as a blocker of adhesion (123).  We have also noted impaired 

chemokine-dependent migration of DCs and eosinophils arguing for a role in facilitating 

cell mobility and chemotaxis (124, 125).  Consistent with these observations, Cd34-/- 

mice are resistant to a variety of mucosal inflammatory diseases (allergic lung 

inflammation, hypersensitivity pneumonitis, and colitis) due to defective inflammatory 

cell recruitment to peripheral tissues (124-126, 178).  While this suggests an important 

role for CD34 in inflammatory cell trafficking, its function on non-hematopoietic cells 

and structural cells during tissue remodeling remains unknown. 

Because CD34 is expressed by a variety of cells thought to mediate lung 

regeneration (epithelial, vascular and stromal cells) we have now investigated its function 

in two models of lung injury.  Bleomycin (BLM) exposure results in damage to 

pneumocytes and endothelia and is characterized by an inflammatory phase and vascular 

leakage followed by the accumulation of extracellular matrix (ECM) in the parenchyma 

resulting in abnormal alveolar architecture and compromised function (68, 85, 179).  

Based on the well-documented contribution of chronic inflammation to dysregulated 

tissue repair, we speculated that Cd34-/- mice would be protected from the development 

of fibrosis.  Surprisingly, we found instead that Cd34-/- mice were extremely sensitive to 

BLM-induced damage and exhibited a higher incidence of morbidity and mortality than 

their wild type counterparts.  Ultrastructure analyses of BLM-treated Cd34-/- mice 

revealed severe interstitial edema in the alveolar walls and delamination of endothelial 



 56 

cells from the basal lamina.  Similar experiments with BM chimeric mice indicate that 

sensitivity to BLM was due to the selective loss of CD34 on non-hematopoietic cells.  

While Cd34-/- mice were equally adept at controlling influenza infection, they exhibited 

more pronounced evidence of epithelial remodeling.  In aggregate, these studies argue 

that, in contrast to its pathological role in facilitating hematopoietic cell recruitment to 

sites of inflammation on endothelial cells, CD34 plays a protective role in maintaining 

vascular integrity and basal lamina adhesion and thereby facilitates tissue repair. 

 

3.2 Materials and Methods 

 

3.2.1 Mice and bone marrow transplants 

 C57BL/6J (WT), Cd34-/-, B6.SJL-PtprcaPepcb/BoyJ  (CD45.1), and B6.129S4-

Pdgfratm11(EGFP)Sor/J (PDGFRα EGFP) mice were maintained under specific pathogen-free 

conditions at the Biomedical Research Centre (UBC).  Chimeric mice were generated by 

transplanting 107 nucleated BM cells isolated from mice expressing CD45.2 (WT or 

Cd34-/-) or CD45.1 intravenously (i.v.) into lethally irradiated (11-12 Gy) CD45.1 or 

CD45.2 recipients.  All procedures were approved by the Animal Care Committee of the 

University of British Columbia and conducted under guidelines for conducting ethical 

animal research provided by the Canadian Council on Animal Care. 

 

3.2.2 Lung injury models 

 Mice were challenged with bleomycin (BLM) (PPC, ON, Canada) endotracheally 

(e.t.) at a dose of 2.5 or 5.0 U/kg, or i.v. at a dose of 1.6 U/mouse.  Static lung elastance 
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was measured by performing volume-regulated perturbations on anesthetized and 

tracheotomized mice using a flexiVent apparatus (SCIREQ, QC, Canada) (180).  For the 

lung infection model, mice were infected intranasally with 2.90 x 103 50% egg infective 

dose (EID50) of influenza A/strain PR8 (H1N1). 

 

3.2.3 Histology and immunohistochemistry 

 Formalin-fixed and paraffin-embedded lung tissues were cut into 5 µm sections 

for Masson’s trichrome or hematoxylin and eosin staining.  For immunostaining, lung 

sections underwent antigen retrieval and were stained using antibodies against CD34 

(RAM34) (eBiosciences), podocalyxin (AF1556) (R&D Systems), GFP (ab13970) 

(Abcam), vimentin (ab92547) (Abcam), surfactant protein C (Millipore), E-cadherin 

(36/E-cad) (BD Biosciences), and keratin 5 (Poly9059) (Biolegend).  Sections were then 

incubated with AlexaFluor-conjugated secondary antibodies and mounted using Prolong 

Gold Antifade with DAPI (Life Technologies).  Optical z-stack images were captured on 

a Leica SP5X confocal microscope and morphometric analysis was performed using 

ImageJ. 

 

3.2.4 Transmission electron microscopy 

 Animals were euthanized by intraperitoneal injection of avertin and lungs were 

fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer.  Tissues were processed for 

sectioning as described previously (181) and imaged using a FEI Tecnai 12 Transmission 

Electron Microscope. 
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3.2.5 Flow cytometry analysis 

 Bronchoalveolar lavage fluid (BALF) was collected by three consecutive tracheal 

instillations and aspirations of 1 mL phosphate buffered saline (PBS).  For analysis of 

lung cells, tissues were digested with collagenase D (1.5 U/mL) and dispase II (2.4 

U/mL) (Roche) for 30 minutes.  Samples were then incubated with anti-CD16/32 (2.4G2) 

to block nonspecific antibody binding.  Fluorescence-conjugated antibodies to CD45 

(I3/2), CD11c (N418), CD3e (145-2C11), CD8 (53.67), CD4 (GK1.5), B220 (RA3-6B2), 

Ly6B (7/4) (Abcam), SiglecF (E50-2440) (eBiosciences), CD34 (RAM34) 

(eBiosciences), CD31 (390) (eBiosciences), PDGFRα (APA5) (eBiosciences), Sca1 (D7) 

(eBiosciences), and EpCAM (G8.8) (eBiosciences) were used.  For the EdU uptake 

experiments, mice were given 1 mg EdU daily by intraperitoneal injections over the 

disease course; EdU detection was performed using the Click-IT assay kit (Life 

Technologies).  Data was acquired on a BD LSRII and analyzed with FlowJo Software.  

All antibodies were generated in-house (UBC AbLab) unless otherwise indicated. 

 

3.2.6 Quantitative RT-PCR 

 Total RNA was isolated from lung tissues using TRIzol (Life Technologies) and 

reverse transcribed with a high-capacity complementary DNA reverse transcription (RT) 

kit (Thermo).  Gene expression was assessed on an AB7900 RT-PCR system (Applied 

Biosystems) by quantitative real-time polymerase chain reaction (PCR) using SYBR 

Green chemistry (KAPA) and gene specific primer pairs (Appendix 1). 
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3.2.7 Statistics 

 Survival data are presented as Kaplan-Meier curves and analyzed with a log rank 

test.  All other results are expressed as mean values +/- standard error of mean (SEM) and 

compared using unpaired Student’s t test.  

 

3.3 Results 

 

3.3.1 Early mortality but unaltered fibrosis in Cd34-/- mice following BLM challenge 

 To assess the role of CD34 in acute lung injury and fibrosis, Cd34-/- and WT 

control mice were treated endotracheally with a single dose of BLM.  Strikingly, after 

administration of 5.0 U/kg or 2.5 U/kg of BLM  (e.t.), Cd34-/- mice showed a significant 

dose-dependent increased frequency of mortality compared with WT controls (Fig 3.1A, 

B).  Nearly all mortality in Cd34-/- mice at the 2.5 U/kg BLM dose occurred prior to day 

10.  Since the onset of fibrosis in this model is known to occur at approximately two 

weeks following tracheal administration of BLM (85), these data suggest that early 

morbidity was associated with the acute exudative phase of the disease and independent 

of fibrosis.  To further corroborate Cd34-/- mouse sensitivity to BLM in a systemic 

treatment regime, we assessed animal response following intravenous administration of 

1.6 U/mouse BLM.  Again, Cd34-/- mice experienced significantly greater weight loss 

than WT controls with nearly all Cd34-/- animals reaching their humane endpoint by day 

6 (Fig 3.1C). In summary, we conclude that CD34 plays a protective role in lung injury 

prior to the development of fibrosis. 
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Figure 3.1. BLM-treated Cd34-/- mice have increased incidence of mortality and 

weight loss. Mortality rates of WT and Cd34-/- mice challenged with single dose of (A) 

5.0 U/kg or (B) 2.5 U/kg BLM (e.t.). (A) P < 0.001 (n=3 or 5 per group).  Data are from a 

single experiment. (B) P < 0.02 (n=8 or 9 per group).  One of two independent 

experiments.  Significance determined by log-rank test. (C) Weight loss of WT and Cd34-

/- mice following treatment of 1.6 U/mouse BLM (i.v.). *P < 0.05 (n=7-9 per group).  

Plots shown are representative of two independent experiments. 

 

 Although there was a clear increase in early mortality in Cd34-/- mice, sufficient 

numbers of these mice tolerated the lower dose of BLM to permit the evaluation of lung 

fibrosis 21 days after treatment.  Quantitative analyses of Masson’s trichrome stained 

lung sections revealed similar degrees of fibrotic remodeling in WT and Cd34-/- animals 

(Fig. 3.2A, B). Employing airway perturbation maneuvers, we found that static elastance 

was similar in BLM-treated WT and Cd34-/- animals suggesting that loss of CD34 did not 

alter this functional outcome of fibrosis (Fig. 3.2C). To eliminate the possibility of a 

biased assessment of fibrosis selectively in mice that survived initial lung damage, we 
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also evaluated WT and Cd34-/- mice after endotracheal treatment with a lower BLM dose 

(1.25 U/kg) to ensure 100% survival by day 18 post-treatment.  Again, no significant 

differences in fibrotic indices were observed between WT and Cd34-/- animals (Appendix 

3).  We conclude that loss of CD34 exacerbates the early phase of BLM-induced injury 

but has no effect on the later fibrotic responses. 

 

 

Figure 3.2.  BLM-treated Cd34-/- mice have comparable fibrotic responses to WT 

mice. (A) Representative Masson’s trichrome-stained lung sections of WT and Cd34-/- 

mice 21 days after BLM treatment (2.5 U/kg). Scale bar = 200 µm. (B) Percent fibrotic 

area determined by quantifying area of fibrotic lesions normalized to total tissue area. (C) 

Static elastance (Est) measurements of PBS and BLM-treated WT and Cd34-/- mice. *P < 

0.05. 
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similar levels of transcripts for pro-inflammatory cytokines tumor necrosis factor alpha 
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BALF were similar in both WT and Cd34-/- mice three and six days after BLM-induced 

damage (Fig 3.3B).  Differential analyses revealed equivalent frequencies of macrophage, 

neutrophil, and lymphocyte subsets (Fig 3.3C).  The only significant alteration was a 

decrease in the frequency of infiltrating eosinophils (representing <3% of the infiltrate in 

WT mice and <1% in Cd34-/- mice) six days after BLM challenge (Fig. 3.3C).  This likely 

reflects a previously documented role of CD34 in the recruitment of eosinophils to the 

lung (125, 141). In summary, because of the similar degree of acute inflammation, we 

conclude that differences in infiltrating inflammatory cells is unlikely to account for the 

increased mortality in BLM-treated Cd34-/- mice. 

 

 

Figure 3.3. BLM-induced acute lung inflammatory response is comparable in Cd34-/- 

and WT mice. (A) Enumeration of total CD45+ hematopoietic cells in the BALF of mice 

treated with PBS (naïve) or BLM (mice were sacrificed and tissues harvested Day 3 or 6 

post-treatment as indicated).  (B) Differential analysis of infiltrating leukocyte subsets in 
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the BALF by flow cytometry using the surface markers CD11c+ (myeloid cells), Ly6B+ 

(7/4) (neutrophils), CD11c- SiglecF+ (eosinophils), CD3e+ (T lymphocytes), and B220+ 

(B lymphocytes).  (C) Relative expression (R.E.) of Il6 and Tnfa in lung tissues of WT 

and Cd34-/- mice 6 days after BLM challenge; R.E. is normalized to Gapdh and shown as 

fold change over naïve samples. *P > 0.05  (n=4-7); representative data from two 

independent experiments. Significance was determined by unpaired Student’s t test. 

 

3.3.3 Severe interstitial edema in BLM-treated Cd34-/- mice 

 Morbidity within the first week of BLM treatment can also be attributed to 

exacerbated exudative responses during acute lung injury; such pathological features 

include disruption of endothelial and epithelial barriers resulting in leakage of circulatory 

contents into the interstitium and edema (179, 182).  We have previously demonstrated 

increased vascular leak in lungs of Cd34-/- animals in a model of occupational asthma 

(124). To further evaluate CD34 function in the maintenance of vascular integrity, we 

analyzed WT and Cd34-/- lungs at the ultrastructure level by TEM before and after BLM 

treatment.  In PBS-treated WT and Cd34-/- lungs, TEM evaluation did not reveal 

profound differences in the structure or localization of interstitial collagen and elastin, 

alterations in capillary endothelial or type I epithelial tight junctions, or cell-basal lamina 

interactions (Appendix 4).  In contrast, six days after BLM challenge, we detected 

hypertrophy of type 1 pneumocytes in both WT and Cd34-/- lung sections, which was 

indicative of injury (Fig. 3.4A-F).  Strikingly, BLM-treated Cd34-/- lung specimens 

exhibited extensive edema within the interstitium and delamination of the endothelia as 

evidenced by the exposed interstitial collagen and the disruption in the epithelial and 

capillary endothelial basal lamina interactions.  Thus, the ultrastructure data suggests that 

CD34 plays a role in maintaining appropriate structural integrity of the alveolar wall in 
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response to acute damage. 

 

Figure 3.4. Lung tissue ultrastructure reveals severe interstitial edema in BLM-

challenged Cd34-/- mice. Transmission electron micrographs of (A-C) WT and (D-F) 

Cd34-/- lung 6 days after BLM-induced lung injury.  Images shown are representative of 

at least 50 fields of view per sample.  Lung specimens were sampled from four mice per 

genotype.  AL, alveolus; EN, endothelial cell; F, fibroblast; T1, type 1 alevolar epithelial 

cell (AEC); T2, type 2 AEC; CL, capillary lumen; RBC, erythrocyte; COL, collagen; EL, 

elastin; INT, interstitium; E, edema. 

 

3.3.4 CD34 is expressed by endothelia and resident mesenchymal subsets, but not by 

epithelia in normal mouse lung 

 While previous work has suggested that, in the lung, CD34 is expressed primarily 

by endothelial and mesenchymal cells, there are conflicting reports regarding the 
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expression of CD34 on lung epithelial progenitors (172, 183, 184).  To address this issue, 

we performed immunohistochemical analyses with monoclonal antibodies against CD34 

and used Cd34-/- lung samples as negative controls. CD34+ cells were detected in nearly 

all compartments of the lung except large airway epithelia, with minimal background in 

knockout-control sections (Appendix 5). From the analysis of confocal z stack images, 

we found that CD34 was expressed by podocalyxin+ vascular endothelial cells in addition 

to PDGFRα+ and vimentin+ fibrobroblast subsets (Fig. 3.5A, B).  Co-staining with 

antibodies against E-cadherin (E-cad) and surfactant protein C (SfpC) indicate that CD34 

is not expressed by epithelial cells in the distal airways or the bronchoalveolar duct 

junctions where CD34-expressing epithelial progenitors were previously reported (Fig. 

3.5C) (172).  These observations were consistent with flow cytometric data, which 

showed that CD34+ cells co-stain with the endothelial specific antigen CD31 as well as 

the majority of PDGFRα+ mesenchymal progenitors enriched by Sca1+ selection. 

Moreover, we found a lack of CD34 expression in sorted EpCAM+ epithelial cells (Fig. 

3.5D).  
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Figure 3.5. CD34 is expressed by vascular endothelia and mesenchymal subsets but 

not epithelial cells in naïve mouse lung. (A-C) Confocal images from z stacks 

demonstrating CD34 co-expression with podocalyxin (Podxl) + endothelial cells and (A) 

PDGFRα + and (B) vimentin+ fibroblasts. (C) E-cadherin (E-cad) + and surfactant protein 

C (Sfpc)+ epithelial cells do not express CD34; inset displays higher magnification of a 

bronchoalveolar duct junction (BADJ). Scale bars = 50 µm and inset scale bar = 10 µm. 

(D) Histograms represent relative fluorescence intensity of a CD34 specific antibody to 

cellular subsets gated for CD31+ endothelia, PDGFRα + Sca1+ fibroadipogenic 

progenitors (FAPs), or EpCam+ epithelial cells. Bv, blood vessel; br, bronchiole.  

 

 PDGFRα+ cells have previously been described in the adult mouse tibia as 

stromal cells that support muscle regeneration and have been termed fibro/adipogenic 

progenitor cells (FAPs) (185).  Pulmonary fibroblasts represent a heterogeneous 

population; recent studies indicate that lung PDGFRα+ cells consist of desmin+ 

lipofibroblasts that support type 2 pneumocyte maintenance in alveolosphere cultures and 

proliferate in response to BLM treatment (90, 186).  However, we saw equivalent 
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expansion and proliferation of this lung FAP population in WT and Cd34-/- mice, 

analyzed six days following bleomycin damage (Fig 3.6).  We conclude that CD34 is not 

expressed by lung epithelial progenitors and, although it is expressed by FAPs, loss of 

CD34 has no effect on the proliferative response of these cells or their ability to produce 

matrix in late stage disease. 

 

 

Figure 3.6.  Analysis of Cd34-/- FAP proliferation in response to acute bleomycin-

induced lung injury.  Flow cytometric analysis of FAP percentages in the lineage 

negative (CD45-, CD31-) fraction of naïve mice (PBS) and in mice six days after BLM 

treatment (e.t.) (BLM). Quantification of EdU uptake indicates lung FAP proliferation in 

response to BLM-induced injury. **P < 0.01; ***P < 0.001 (n = 5 or 6 per group).  

Significance was determined by unpaired Student’s t test. 

 

3.3.5 Early mortality in BLM-treated Cd34-/- mice is independent of its expression 

by hematopoietic cells 

 Previously, we have observed increased vascular leakage in Cd34-/- mice during 

autoimmune arthritis (187) and, thus, we hypothesize that this vascular cell intrinsic 

function of CD34 could contribute to the early mortality phenotype observed in the 

current study.  To conclusively exclude the possibility that this enhanced mortality 

reflects a defective hematopoietic function for CD34, we generated BM chimeric mice 

with selective loss of CD34 in either the hematopoietic or non-hematopoietic 

%
 F

A
P

%
 E

dU
+  o

f F
A

P

PBS BLM PBS BLM

**
** ***

***
WT
Cd34-/-

0
2
4
6
8

0

5

10

15



 68 

compartments.  Following BLM challenge by endotracheal or intravenous treatment, 

lethally irradiated Cd34-/- mice transplanted with WT BM exhibited a significantly higher 

incidence of mortality and weight loss compared with the WT control recipients (Fig. 

3.7A, B).  Conversely, lethally irradiated WT CD45.1 animals transplanted with either 

Cd34-/- or WT BM and subsequently challenged with BLM displayed no significant 

differences in mortality rate or weight loss (Fig. 3.7C, D).  These data suggest that the 

selective loss of CD34 from non-hematopoietic tissues contributes to increased sensitivity 

to BLM challenge. 

 

Figure 3.7. Loss of CD34 in non-hematopoietic tissues results in increased sensitivity 

to BLM challenge. (A) Survival curves of lethally irradiated WT or Cd34-/- mice 

reconstituted with CD45.1 bone marrow (BM) treated with 2.5 U/kg BLM (e.t.). *P > 

0.02  (n= 6-9 per group).  (B) Weight loss of lethally-irradiated WT or Cd34-/- mice 

reconstituted with CD45.1 BM challenged with 1.6 U/mouse BLM (i.v.) . *P > 0.05; **P 

> 0.01 (n=5-7 per group).  (C) Survival curves of lethally-irradiated CD45.1 mice 

reconstituted with WT or Cd34-/- BM treated with 2.5 U/kg BLM (e.t.) (n= 5-6 per 
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group).  (D) Weight loss of lethally-irradiated CD45.1 mice reconstituted with WT or 

Cd34-/- BM challenged with 1.6 U/mouse BLM (i.v.) (n=6 per group). 

 

3.3.6 Loss of CD34 results in increased influenza infection-induced tissue 

remodeling 

 Next, we investigated whether CD34-deficiency alters responses to H1N1 

influenza infection that, like BLM, induces extensive damage in the bronchioles and 

alveolar regions (68).  Following intranasal infection, Cd34-/- mice displayed significantly 

greater weight loss than WT animals over the disease course (Fig. 3.8A).  Again, the 

overall inflammatory responses were similar in Cd34-/- and WT animals as the total 

numbers of hematopoietic infiltrates in the airways were comparable at days 7 and 12 

post-infection (Fig. 3.8B).  Moreover, differential analyses indicate that myeloid, 

neutrophil, eosinophil, and lymphocyte subsets were unaltered due to loss of CD34 (Fig. 

3.8C).  
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Figure 3.8. Cd34-/- mice display increased weight loss but comparable lung 

inflammation following influenza infection.  (A) Weight loss of WT and Cd34-/- mice 

following intranasal infection with influenza A (PR8). *P > 0.05; * P > 0.01; ***P > 

0.001 (n=8 per group).  (B-C) Enumeration of total CD45+ hematopoietic cells and 

leukocyte subsets in the BALF of influenza infected mice (n = 4 or 6 mice per group). *P 

> 0.05, (n = 8 or 10 per group). 

 

 Interestingly, however, we found greater evidence of tissue pathology in lung 

sections of Cd34-/- animals (Fig. 3.9A).  Although keratin 5 (Krt5) positive staining was 

restricted to the epithelial cells in the bronchioles of WT lung sections, Krt5-expressing 

clusters were more abundant, appearing in the peribronchial regions and in the distal 

airways of Cd34-/- lung tissues arguing for greater disease severity (Fig. 3.9B).  In 
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summary, the loss of CD34 also results in more pronounced sensitivity to influenza-

induced tissue injury as evidenced by unresolved tissue remodeling. 

 

Figure 3.9. Cd34-/- mice display more pronounced tissue remodeling after influenza 

infection. (A) Representative hematoxylin and eosin stained lung sections of WT and 

Cd34-/- mice 12 days after infection.  (B) Immunofluorescent images of lung sections as 

shown in (A) stained for podocalyxin (Podxl, red) and keratin 5 (Krt5, blue). Scale bar = 

200 µm. Bv, blood vessel; br, bronchiole. 

 

3.4 Discussion 

 Inflammatory mediators have a clear association with the development and 

progression of lung fibrosis, particularly in cases arising from exposure to environmental 

irritants, infection, or in patients afflicted with chronic inflammatory conditions such as 

graft-versus host disease, scleroderma or rheumatoid arthritis (188).  Our previous work 

suggests that CD34 plays a key role in the recruitment of several inflammatory subsets 

during inflammation and that Cd34-/- mice exhibit attenuated pathological features of 
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lung or intestinal inflammatory diseases (124-126, 178).  However, the relevance of 

CD34 in regulating responses to lung injury, remodeling, and fibrosis, to our knowledge, 

has not been examined.  

 Given the importance of CD34 in mast cell and eosinophil trafficking, we 

postulated a function in fibrotic disease (115, 123, 125, 141).  The accumulation of 

eosinophils and mast cells in alveolar structures has previously been associated with a 

number of chronic interstitial lung disorders including idiopathic pulmonary fibrosis 

(IPF).  Lung biopsies in IPF patients with dense fibrotic scarring appear eosinophilic 

(189) and elevated eosinophils in the BALF is associated with poor prognosis (190).  

Pathological contributions of eosinophils to IPF has been attributed to the cytotoxic 

factors they produce (eosinophil peroxidase, major basic protein, and eosinophil cationic 

protein) (191, 192) or, alternatively, to the release of eosinophil-derived pro-fibrogenic 

cytokines (IL-5, IL-13, and TGF-β1) that act directly on stromal cells and induce 

excessive tissue remodeling (46, 193, 194).  Although we did indeed observe a reduced 

frequency of rare eosinophils recruited to the lung in Cd34-/- mice early after BLM 

treatment, this did not have a protective effect and the inflammatory response was 

unaltered.  Thus, in the bleomycin model, eosinophils appear to be largely dispensable.  

Although eosinophilia and type 2 immune cytokines have previously been reported to be 

critical promoters of BLM-induced fibrosis (193-195), our findings are consistent with 

more recent studies demonstrating that fibrosis in this disease model is primarily Th17 

driven and independent of IL-13 signaling (196, 197).  

 Instead of providing protection, we found that loss of CD34 renders mice 

extremely sensitive to BLM-induced mortality at early stages with animals displaying 
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severe pulmonary interstitial edema.  More surprisingly, we found that nearly all 

incidences of morbidity and mortality occur prior to the appearance of scarring and 

lesions in the lungs and that the late phase fibrosis and tissue remodeling is equivalent in 

WT and Cd34-/- mice that survived the treatment.  Because the single-dose BLM 

treatment model is often associated with a transient and self-limiting fibrotic disease we 

can not rule out a more subtle effect of CD34 loss in more robust chronic models of 

fibrosis (85).  Nevertheless, our data suggest that CD34 is dispensable for the debilitating 

production of matrix in response to acute lung injury and that, instead, it plays a role 

during a transient window after the initial inflammatory response but before the 

remodeling and fibrotic response.  This result was confirmed in a second, influenza-

driven model of lung injury where tissue remodeling is a prominent feature.  Here too, 

CD34 appears to be dispensable during the inflammatory response, but Cd34-/- mice 

displayed greater weight loss and their lungs displayed a more pronounced pathology, 

accompanied by the appearance of Krt5+ epithelial clusters in the areas surrounding the 

bronchioles and in the distal airways.  While Krt5+ epithelial progenitors are necessary 

for regeneration to restore gas exchange, their accumulation may also be indicative of 

increased susceptibility to damage or unresolved tissue remodeling (198, 199). 

 Previously we have noted that loss of CD34 results in altered vascular integrity in 

a number of inflammatory settings including autoimmune arthritis (187), hypersensitivity 

pneumonitis (124), and tumour formation (200).  Many pro-inflammatory mediators such 

as TNFα and are known to increase vascular permeability by altering adherens junction 

complexes and integrin-dependent adhesion to matrix proteins (201).  Because we 

observed no major differences in the number of BALF infiltrates or transcript levels of 
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pro-inflammatory cytokines in Cd34-/- and WT animals our data suggest the exacerbated 

interstitial edema observed in Cd34-/- animals is a cell intrinsic defect of the endothelium.  

BM chimera experiments further support a non-hematopoietic origin of this phenotype as 

the mortality occurred in the absence of CD34 on hematopoietic cells.  Vascular integrity 

can be modulated by changes in junctional proteins that alter cell-cell interactions and 

integrin-dependent cell-matrix interactions (202).  Consistent with altered integrin 

dependent adhesion, but normal cell junctions, TEM evaluation of BLM-challenged 

Cd34-/- lungs revealed extensive interstitial edema and vascular leak yet the endothelial-

endothelial junctional complexes remain intact.  Thus, our data suggest that CD34 plays a 

role in maintaining the integrity of endothelial adhesion to the basal lamina. 

 In many ways, the decreased adhesion of Cd34-/- endothelia to basal lamina is 

counter-intuitive.  Previously we have shown that CD34 and its close relative, 

podocalyxin (Podxl), are heavily-glycosylated and negatively-charged sialomucins that 

provide an anti-adhesive quality to hematopoietic cells, developing endothelia and 

epithelial tumor cells (115, 121, 123, 203, 204).  It is noteworthy, however, that we and 

others have found that, on endothelial and epithelial cells, the anti-adhesive Podxl and 

active integrin signaling cooperate to facilitate the establishment of distinct integrin-

linked basolateral/matrix bound surfaces and integrin-free, Podxl-rich, non-adhesive 

apical domains (115, 203, 205, 206).  Thus, loss of CD34 or Podxl would be predicted to 

impede the sorting of integrins to the sites of cell-matrix interaction and weaken vessel 

integrity; an effect that we observe via TEM analyses of Cd34-/- endothelia after BLM 

treatment.  Future studies aimed at detailed structure function analyses may provide 

mechanistic insights into the functional domains of CD34 required for modulating 
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integrin sorting and function.  

 CD34 is commonly used as a marker for progenitor subsets of multiple non-

hematopoietic cell types including muscle satellite cells, hair follicle stem cells, and 

mesenchymal progenitors (117, 118, 170, 171).  It has recently been postulated that its 

utility as an enrichment marker for undifferentiated cells could be extended to an 

epithelial stem cell population of the lung, namely bronchoalveolar stem cells (BASCs).  

These cells are proposed to exist at bronchoalveolar duct junctions (BADJs) and have the 

potential to give rise to terminal epithelial cells of both the large and distal airways (172).  

However, subsequent lung fractionation studies have reported that epithelial lineages lack 

CD34 expression (184, 207, 208).  In the current study, we have used Cd34-/- mice, 

immunofluorescence staining of tissue sections, and spatial localization in lung to address 

this issue.  By confocal analyses of naïve lung, we do not observe co-expression of CD34 

and epithelial markers SFPC and E-cadherin in BADJ regions.  This is corroborated by 

flow cytometric data suggesting the absence of CD34 expression by any EpCam+ 

epithelial fraction of lung derived cells, a subpopulation believed to contain epithelial 

progenitor cells (207).  As epithelial cells are well known for their non-specific binding 

of macromolecules (such as antibodies), it is possible that earlier reports of specific 

staining were technical artifacts.  Instead, our data suggest that CD34 is expressed by 

vascular endothelia and mesenchymal cells including vimentin+ fibroblasts and FAPs 

(phenotyped by PDGFRα+ Sca1+ expression).  FAPs were previously characterized as 

stromal cells that support skeletal muscle regeneration, and were more recently described 

in the lung as desmin+ lipofibroblasts of the alveolar niche with an analogous function 

(185, 186).  Previously we found that CD34 is dispensable for normal function of muscle 
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resident FAPs (209).  This is consistent with our observations that lung FAPs, in an acute 

response to BLM, expanded in similar numbers and displayed similar rates of 

proliferation in WT and Cd34-/- animals. 

 In summary, our data suggest that vascular CD34 serves a protective function 

during acute lung injury by enhancing the endothelial/matrix interactions and thereby 

preventing delamination and reducing permeability.  Future structural and functional 

studies designed to identify the requisite domains of the molecule could offer insights 

into how this function could be modulated to treat acute pulmonary edema. 
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Chapter 4. 

Summary and future perspectives 

 

4.1 Research summary and significance 

 The objective of this thesis was to characterize inflammatory modulators, which 

contribute to fibrotic scarring in mucosal tissues.  Given the longstanding interest in type 

2 immune responses associated with dysregulated wound healing and fibrosis 

(particularly in host defense tolerance strategies against parasitic infections), we focused 

on two components of this inflammatory pathway that could potentially be targeted for 

therapeutic applications: the transcription factor RORα, which is critical for ILC2 

development and CD34, a cell surface sialomucin required for efficient migration of 

eosinophils and mast cells to peripheral sites.   

 The work presented in chapter 2 demonstrates that Rorasg/sg BMT animals were 

protected from Salmonella-induced intestinal fibrosis; surprisingly, this phenotype was 

due to a reduction in ILC3 and Th17 derived cytokines.  Additional experiments with 

mixed Rorasg/sg and Rag1-/- BM transplanted animals indicate that ILC3s were sufficient 

to cause fibrosis in the absence of WT T cells.  Further examination of Rorasg/sg ILC3s by 

whole transcriptome analyses revealed downregulation of key ILC3-defining transcripts 

(notably Rorc, Il23r, and Il1r), which suggests that RORα may be required for ILC3 

lineage maintenance.  Together, these results argue that RORα and ILC3s could be 

important participants in the IL-23/IL-17 axis as it relates to fibrosis and other 

inflammatory diseases (Fig. 4.1). 
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Figure 4.1. Summary of RORα and lymphoid cells in response to chronic Salmonella 

infection.  

 

 In chapter 3, we examined the role of CD34 in response to lung injury; we found 

that Cd34-/- mice were extremely sensitive to bleomycin-induced lung damage due to a 

vascular defect resulting in exacerbated edema.  These findings were further supported by 

experiments demonstrating Cd34-/- animals reconstituted with WT BM were equally 

susceptible to bleomycin treatment.  Furthermore, Cd34-/- mice infected with influenza 

virus also displayed greater weight loss and more pronounced evidence of excessive 
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epithelial remodeling.  This work defines a protective role of CD34 in maintaining lung 

vascular integrity and restoring normal tissue architecture after injury and highlights the 

link between vascular defects and degenerative respiratory diseases. 

 

4.2 Study limitations 

 The main caveats of the work presented in this thesis are associated with the 

fidelity of the genetic lesions in the mouse strains as they relate to the cellular functions 

we intended to investigate. Moreover, the clinical implications of these findings are 

limited by the fact that the animal disease models employed do not fully reproduce the 

complex features of multifactorial fibrotic diseases related to IBD and IPF. 

 In chapter 2, the work presented mainly relied on the selective hematopoietic 

deletion of RORα.  This involved transplanting BM from germline knockout animals into 

lethally irradiated wild type recipients.  In response to chronic Salmonella infection, we 

found that RORα was required for efficient cytokine production by both Th17 cells and 

ILC3s.  We attempted to delineate the unique contributions of these two lymphoid 

lineages in intestinal fibrosis by co-transplanting Rorasg/sg and Rag1-/- BM.  Functional 

ILCs in the absence of competent T cells were sufficient to restore IL-17A and IL-22 

levels and a fibrotic phenotype; this suggests that ILC3s are important promoters of 

fibrosis.  However, it is not clear if the reverse is true; whether Th17 cells can similarly 

cause fibrosis in the absence of ILC3s. Additional experiments employing mouse strains 

that are RORα-deficient specifically in ILC3s, or that lack ILC3s altogether would be 

necessary to definitively demonstrate that these cells are the critical mediators of 

intestinal fibrosis.  Moreover, since RORα is well known to be required for ILC2 
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development, experiments with ILC3-specific perturbations could provide additional 

evidence that ILC2s are irrelevant in Salmonella-induced fibrosis.  

 The work described in chapter 3 indicates that vascular CD34 was required for 

survival following bleomycin-induced lung injury and resolution of excessive epithelial 

cell remodeling in response to influenza infection.  Though the role of endothelial CD34 

in maintaining vascular permeability has been well described in other inflammatory 

settings (124, 187), we attempted to exclude the possibility that hematopoietic CD34 may 

be important in lung injury responses by demonstrating similar susceptibility in Cd34-/- 

mice reconstituted with WT BM.  However, CD34 is also highly expressed in pulmonary 

mesenchymal stromal cells, which have important functions in facilitating lung 

development and regenerative processes (68, 76).  Although we found that fibroblast 

expansion and proliferation is unaltered in Cd34-/- mice in response to bleomycin-induced 

injury, the examination of endothelial-specific CD34-null animals in lung injury models 

would be necessary to definitively exclude the functional contributions of CD34+ stromal 

cells in this model. 

 

4.3 Future perspectives 

 We demonstrate that ILC3s lacking RORα have a reduced capacity to produce IL-

17A and IL-22 in response to chronic Salmonella infection.  RNA sequencing of sorted 

bulk RORα-deficient ILC3s revealed downregulation of several key ILC3 signature 

transcripts and increased expression in the majority of “ex-RORγt” ILC3-defining 

transcripts previously reported (156).  These observations may suggest that RORα is 

required for the preservation of the ILC3 lineage and that deletion of RORα results in 
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enhanced instability of this lineage and differentiation towards an ILC1-like phenotype.  

Similarly, CD4+ Th cells lacking RORα have increased Tbx21 transcript levels 

suggesting that RORα may play a role in repressing a Th1 program (96).  Additional 

experiments would be necessary to test this hypothesis such as comparing the behaviour 

of WT and RORα-deficient ILC3s in response to Th1 or ILC1 inducing pathogens like 

influenza or in anti-tumor immunity.  Although bulk cell whole transcriptome analysis is 

informative, recently described single-cell RNA sequencing (scRNA-seq) indicate that 

there is immense heterogeneity within each ILC subset.  For instance, the scRNA-seq 

analyses of human tonsil ILC3s have revealed 3 distinct subsets including an effector 

NCR+ ILC3, L-selectin+ naïve-like ILC3, and an HLA+ antigen-presenting ILC3 (210).  

In the small intestine of mice, five subsets of ILC3s (denoted as ILC3a-e) were identified 

by scRNA-seq (211).  Although all ILC3 subgroups expressed comparable levels of Rorc, 

Il22 expression was restricted to subgroup ILC3c (211).  In contrast, the ILC3a subset 

expressed high levels of Il17a, Ltb, and Ccr6 and was disproportionately affected by 

perturbations in the microbiota (211).  Therefore, specific subsets of ILC3s may have 

contrasting pathogenic or protective functions in intestinal inflammation.  The 

examination RORα-deficient ILC3s by scRNA-seq would therefore provide greater 

insight into the precise ILC3 lineage perturbations.  

 While we have shown an effect of RORα in mediating ILC3 cytokine production, 

it is not clear whether these RORα-deficient ILC3s possess additional deficiencies that 

alter their ability to interact with adaptive immune cells or other accessory cells during 

intestinal inflammation. ILC3s are known to express MHCII or co-stimulatory molecules 

enabling them to activate CD4+ Th cells or mediate negative selection of commensal 
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bacteria-specific T cells (21, 212).  Moreover, ILC3-derived GM-CSF can instruct DCs 

to promote intestinal homeostasis (213).  The relevance of RORα in these ILC3-mediated 

cellular interactions as it relates to intestinal fibrosis is unknown.  However, the analysis 

of competent T cells and DCs in ILC3-specific RORα null mice during infection may 

provide important insights into these questions.  In addition, CD1d+ ILC3s can present 

lipid antigens and activate iNKT cells; this engagement can in turn promote IL-22 

production by ILC3s (214).  Further experiments would be necessary to test whether 

these lipid antigen-dependent interactions are altered in RORα-deficient ILCs and to 

determine its impact on chronic inflammatory responses. 

 Numerous studies have implicated ILC3s in inflammation-driven pathologies 

including those associated with IBD and our own recent observations highlighting the 

importance of these cells in intestinal fibrosis: a severe and largely untreatable 

complication in a subset of Crohn’s disease patients.  Modulation of ILC3s to suppress 

pro-inflammatory responses is an attractive therapeutic strategy for the treatment of IBD.  

A major challenge in this approach may be the deleterious effects of depleting a major 

source of IL-22, which may serve critical functions in tissue protection.  However, our 

findings suggest that selective inhibition of RORα may be beneficial in IBD-associated 

fibrosis and potentially other related autoimmune disorders.  The comparison of RORα- 

or ILC3-deficient animals in alternate models of intestinal fibrosis such as chronic TNBS 

exposure would provide further justification for exploring the therapeutic potential of 

targeting RORα. 

 Our analysis of bulk Rorasg/sg ILC3s by flow cytometry indicate a profound defect 

in IL-17A production while IL-22 suppression was comparatively mild.   Moreover, 
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when comparing host versus donor chimerism of all IL-17+ inflammatory cells, there was 

a substantial increase in the contribution of endogenous radioresistant IL-17A+ cells in 

Salmonella infected Rorasg/sg BMT mice.  Meanwhile, IL-22 chimerism remained mostly 

unchanged in Rorasg/sg BMT mice when compared with WT controls possibly due to 

compensatory IL-22 producing cell types such as CD4+ T cells or other myeloid cells.  

This suggests that RORα predominantly affects IL-17A expression while influencing IL-

22 production to a lesser extent.  Given the contrasting roles of IL-17A in driving fibrosis 

and the protective effects of IL-22 in epithelial barrier maintenance following chronic 

Salmonella infection, RORα may be disproportionately required for the maintenance of 

the pathogenic rather than the protective hematopoetic subsets. 

 Our work demonstrates that RORα functions as a key regulator of the expression 

of cytokine and chemokine receptor genes that modulate the ability of ILC3s to sense 

their inflammatory milieu and respond by activating downstream inflammatory cytokines 

including IL-17.  However, the precise mechanisms of RORα-dependent gene regulation 

in ILC3s remains an open question and may provide important insights into the design of 

novel treatment strategies for inflammatory disorders.  Recently, the potential therapeutic 

value of RORγt suppression in IBD was investigated in multiple mouse models; the 

pharmacological inhibition of Rorγt with compound GSK805 (or its inducible genetic 

deletion) can reduce the pathological features of colitis by attenuating pathogenic Th17 

responses without altering ILC3 behaviour (164).  This report revealed divergent 

requirements of Rorγt in the preservation of Th17 cells and ILC3s, suggesting that there 

are compensatory mechanisms in ILC3s that conserves their function after Rorγt ablation.  

Interestingly, RORα-specific binding motifs were found to be preferentially enriched in 
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RORE associated with pathological Th17 cell signature genes in addition to those 

targeted by drug-mediated RORγt suppression (97).  This indicates that regulatory 

regions containing RORα binding motifs may be more pertinent to Th17 cell 

differentiation as it relates to disease states. Moreover, a similar RORE consensus 

sequence was highly enriched in the enhancer regions of ILC3s signature genes arguing 

that parallel ROR-mediated regulatory programs may exist within Th17 cells and ILC3s 

(211).  Therefore, additional genome wide analyses would enhance our understating of 

downstream gene regulation of RORα inhibition during ILC3 modulation in immune-

related diseases. 
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Appendices. 
 
Appendix 1. Primer sequences (5’-3’) used for transcript detection by quantitative 
RT-PCR. 
 
Gapdh-fwd ATTGTCAGCAATGCATCCTG 
Gapdh-rev ATGGACTGTGGTCATGAGCC 
Tnfa-fwd CATCTTCTCAAAATTCGAGTGACAA 

Tnfa-rev TGGGAGTAGACAAGGTACAACCC 

Il6-fwd TAGTCCTTCCTACCCCAATTTCC 
Il6-rev TTGGTCCTTAGCCACTCCTTC 
Col1a2-fwd TGTTGGCCCATCTGGTAAAGA 
Col1a2-rev CAGGGAATCCGATGTTGCC 
Tgfb1-fwd TGACGTCACTGGAGTTGTACGG 
Tgfb1-rev GGTTCATGTCATGGATGGTGC 
Epx-fwd CTCACCCAACACGCTGAAG 
Epx-rev TTTTCTGTGTGTGATTGTAGG CA 
Il17a-fwd TTTAACTCCCTTGGCGCAAAA 

Il17a-rev CTTTCCCTCCGCATTGACAC 

Il22-fwd ATGAGTTTTTCCCTTATGGGGAC 

Il22-rev GCTGGAAGTTGGACACCTCAA 

Il5-fwd GATGAGGCTTCCTGTCCCTACTC  

Il5-rev TCGCCACACTTCTCTTTTTGG  

Il13-fwd CCTGGCTCTTGCTTGCCTT  

Il13-rev GGTCTTGTGTGATGTTGCTCA  
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Appendix 2. Gating strategy for ILC3 and T cell analysis by flow cytometry. (A) 

Sorting parameters for ILC2s, ILC3s and T cells restimulated with PMA and ionomycin 

in the presence of BFA and stained for intracellular IL-17A and IL-22. (B) Negative 

isotype controls for IL-17A and IL-22 staining in ILCs and CD3e+ T cells. 
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Appendix 3.  Fibrotic responses in WT and Cd34-/- mice following low dose 

bleomycin treatment.  Mice were treated endotracheally with bleomycin at a dose of 

1.25 U/kg and euthanized 18 days post treatment for tissue collection.  (A) Quantification 

of areas displaying fibrotic scarring in lung tissues. (B) Bright field micrographs of 

Masson’s trichrome stained lung sections. 
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Appendix 4. Ultrastructural analysis of WT and Cd34-/- lung specimens by 

transmission electron microscopy.  Representative WT (A-C) and Cd34-/- (D-F) lung 

micrographs are shown.  AL, alveolus; EN, endothelial cell; T1, type 1 alveolar epithelial 

cell (AEC); T2, type 2 AEC; CL, capillary lumen; RBC, erythrocyte. 
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Appendix 5.  CD34 expression in naïve mouse lung.  CD34 expression was assessed in 

naïve WT and Cd34-/- mouse lung using an anti-CD34 antibody (RAM34, eBiosciences) 

and visualized by 3,3’-diaminobenzidine (DAB) chromogenic detection and 

counterstained with hematoxylin (Vector).  CD34 expression is detected in cells of the 

distal airway and blood vessel, but excluded by large airway epithelia and alveolar 

macrophages. 
 

	


