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Oropharyngeal candidiasis (OPC; thrush) is an opportunistic oral infection caused by the 

commensal fungus Candida albicans that afflicts immunosuppressed and immunocompromised 

individuals. Although patients with HIV/AIDS are the prototypical population associated with 

development of thrush, there are a host of conditions that lead to susceptibility to OPC, including 

Hyper-IgE Syndrome (HIES). The autosomal dominant form of HIES (AD-HIES) is 

characterized by inherited dominant negative mutations in the STAT3 transcription factor, which 

is crucial for physiologic homeostasis and development in many tissues, including immune cells. 

Due to the ubiquitous nature of STAT3, mutations in this gene lead to a highly varied set of 

clinical sequelae, including oral thrush.  

Numerous cytokines utilize STAT3 to mediate downstream signaling, including IL-6 and 

IL-23, which are crucial for the differentiation and expansion of T helper 17 (Th17) cells, 

respectively. IL-23 is necessary for 1) in vivo expansion of Th17 cells, and 2) the secretion of IL-

17 and other proinflammatory cytokines. Recently, the Th17 lineage has been shown to play a 

major role in host defense against OPC. Our lab has previously shown that mice deficient in the 

IL-17 receptor (IL-17RA
KO

) and IL-23p19 (IL-23
KO

) are susceptible to OPC. Furthermore, saliva 

from both AD-HIES patients and IL-23
KO

 mice exhibits reduced ability to kill C. albicans ex 

vivo.  

However, despite the requirement for both IL-17 and IL-23 in protecting against OPC, 

we found that CD4-specific STAT3 knockout (CD4(stat3
KO

)) mice are not susceptible to our 

model of OPC. These data suggested that STAT3 mediates the initial response to oral C. 

albicans challenge by inducing an IL-17-producing subset other than Th17. Experiments carried 

out in this study revealed that the initial source of IL-17 is lymphocytic, and is likely  

multifactorial, involving both γδ and αβ T cells. Furthermore, in this study, natural killer and 
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natural killer T cells were shown to have no apparent role in IL-17 secretion in response to C. 

albicans challenge in the oral cavity. In addition, while a memory or rechallenge response may 

involve CD4+ Th17 cells, this lineage appears to be unessential for the initial response to C. 

albicans in the oral cavity. Although we also attempted to examine the immune response to OPC 

using a mouse model of HIES harboring a transgenic STAT3 mutation, these mice proved 

resistant to C. albicans challenge at the buccal mucosa. However, despite the OPC resistance, 

they did exhibit a skin phenotype consistent with STAT3 deficiency, including eczematous 

lesions and delayed wound healing. These findings suggest that this mouse model may be used to 

study the role of STAT3 in both eczema as well as the immune response to cutaneous 

Staphylococcus aureus and C. albicans skin infections in the context of STAT3. 
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1.0  INTRODUCTION 

Oropharyngeal candidiasis is a common infection of immunocompromised populations, as well 

as persons at extremes of age. Although C. albicans is a human commensal and oropharyngeal 

candidiasis does not carry significant mortality, it does confer significant morbidity. Newborns, 

the elderly, and patients with cachexia (such as those with HIV/AIDS) are at significant risk of 

weight loss and dehydration due to odynophagia (pain with swallowing). Furthermore, patients 

who are susceptible to recurrent OPC require continuous antifungal prophylaxis or face regular 

disease exacerbations, leading to decreased quality of life. Study of the immune response to 

OPC, particularly the role of IL-17, may lead to novel therapeutic targets that help prevent the 

development of OPC and therefore decrease the morbidity of this disease. 

1.1 THE TH17 LINEAGE AND THE ROLE OF STAT3 IN TH17 

DIFFERENTIATION 

The differentiation of CD4+ T helper cells into distinct functional lineages is an integral part of 

the adaptive immune response to specific pathogen challenges (1, 2). Differentiation into the Th1 

lineage is associated with delayed-type hypersensitivity and immune responses to intracellular 

pathogens, while the Th2 lineage is associated with allergies/atopy and the response to 

helminthic challenge (1, 2). In recent years, a third effector T helper cell lineage, Th17, has been 

identified that redefines the original Th1/Th2 paradigm (1). 

The differentiation of naïve CD4+ T cells to the Th17 lineage requires the cytokines IL-6, 

IL-21 and transforming growth factor β (TGF-β) (1, 3). IL-6 initiates the differentiation program 

via activation of Janus kinase 2 (JAK2), which phosphorylates tyrosine residues in the SH2 
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domain of STAT3. This triggers STAT3 dimerization and translocation to the nucleus to induce 

retinoic acid-related orphan receptor (RORγt) expression (Figure 1) (4). RORγt is the signature 

transcription factor for the Th17 lineage, and its expression is required for Th17 differentiation 

(1). IL-6 activation of Th17 differentiation occurs in concert with TGF-β, which acts to actively 

suppress the Th1 and Th2 differentiation pathways (3). Activation of STAT3 also induces IL-21 

production and IL-21R expression, which acts in an autocrine fashion to upregulate RORγt and 

IL-17 expression (5). Subsequent expansion and potentiation of the Th17 lineage in vivo requires 

IL-23, which also signals through JAK2/STAT3. Activation of STAT3 by IL-23 induces 

production of the pro-inflammatory cytokines IL-17A and IL-17F (Figure 1) (1).  

 

Figure 1: JAK/STAT3 signaling pathway mediates differentiation of Th17 cells 

Th17 cells modulate the immune response by secreting several characteristic cytokines, 

including IL-17A, IL-17F and IL-22 (1, 6). Both IL-17A and IL-17F are members of the IL-17 

family of cytokines, and bind the receptor IL-17RA. IL-17RA is ubiquitously expressed in 

tissues, suggesting that Th17 cells may play an extensive role in inflammation in both adaptive 

immunity and autoimmunity (1, 2, 7).  

Several cell types other than canonical Th17 cells are known to produce IL-17, including 

γδ T cells, Natural Killer T (NKT) cells, some variants of natural killer (NK) cells and the newly 

described nTh17 subsets (8-12). γδ T cells are innate skin and mucosal resident T cells that 

express a limited TCR repertoire, and are integral to barrier immunity. γδ T cells are thought to 
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segregate similarly to αβ T cells in terms of cytokine production. CD27
-
CCR6

+
 γδ T cells have 

been shown to both express RORγt and produce IL-17, while CD27
+ 

γδ T cells produce IFNγ 

(12). 

NKT cells are innate immune cells that recognize glycolipid antigens rather than 

peptides, and initiate the immune response to these molecules. Although NKT cells primarily 

produce IL-4 and IFNγ, a subset of these cells has recently been shown to secrete IL-17 as well 

as express RORγt and IL-23R. Traditional natural killer cells have also been reported to secrete 

IL-17, although the exact phenotype and role of IL-17-producing NK cells is still under study 

(12). 

Recently, a variant of the canonical Th17 lineage known as natural Th17 (nTh17) cells 

was described by Tanaka, et.al and Marks, et.al (9, 11). nTh17 cells develop in the thymus and 

are partially dependent on IL-23/STAT3-mediated induction of IL-17 secretion. Once released 

into the periphery, these cells act as rapid responders at mucosal surfaces by mounting an 

inflammatory response without prepriming. 

1.2 THE IMMUNE RESPONSE TO OROPHARYNGEAL CANDIDIASIS 

1.2.1 A Brief Overview of Candida albicans Physiology and Pathogenesis 

Candida is a large fungal genus encompassing over 150 species, only a handful of which cause 

disease in humans. The most common species in clinical isolates is Candida albicans, a 

commensal organism present in the oropharynx of up to 80% of healthy individuals (13, 14). 

Although C. albicans is a commensal, overgrowth of the fungi is responsible for a multitude of 

infections, including vulvovaginitis, systemic candidiasis, and oropharyngeal candidiasis (OPC) 

(15). These diseases rarely afflict healthy hosts, but immunocompromised persons are prone to 

recurrent severe infections by C. albicans. Recently, patients with hereditary primary 

immunodeficiencies that confer susceptibility to Candida have been described, but the vast 

majority of patients that develop C. albicans infections have acquired, or secondary, 

immunodeficiencies (16). Patients infected with Human Immunodeficiency Virus (HIV) who 
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subsequently develop Acquired Immunodeficiency Syndrome (AIDS) are particularly prone to 

OPC and esophageal candidiasis. In fact, over 90% of HIV/AIDS patients develop OPC at least 

once during the course of the disease, and many will have frequent recurrences (17). OPC is a 

common infection of immunocompromised persons, including infants and the elderly as well as 

patients with hematologic malignancies, who are post-transplant, or who have received 

head/neck radiation therapy (13, 18). 

The most common manifestation of OPC is the formation of white, pseudomembranous 

plaques in the oropharynx, which is commonly asymptomatic. However, odynophagia and 

impaired taste sensation are common comorbidities, which can lead to weight loss and 

dehydration (13, 15). These symptoms are exacerbated by the development of esophageal 

candidiasis, a common complication of OPC in patients with HIV/AIDS (13, 15). There is no 

available vaccine for OPC, and thus it continues to be a major clinical problem.  

1.2.2 The Role of Th17 Cells and IL-17 in the Immune Response to Oral Candidiasis 

Prior to the identification of the Th17 lineage, the immune response to OPC was thought to be 

mediated primarily by Th1 cells. However, there is strong new evidence that IL-17 and Th17 

cells are protective against C. albicans-mediated infections, including both OPC, mucocutaneous 

and disseminated candidiasis (19-21). 

Th1 cells were believed to be the primary immune responder to OPC based in part on the 

observation that IL-12p40
KO

 mice are susceptible to OPC (22). Since IL-12 is a key cytokine in 

Th1 differentiation, susceptibility in these mice was attributed to loss of Th1 differentiation and 

thus Th1-mediated immunity (22). However, deficiency in IFN-γ, the primary Th1 cytokine, 

does not confer susceptibility to OPC, suggesting that Th1 cells may not be the key mediator of 

OPC resistance (22). The discovery of the Th17 lineage, and the role of IL-23 in its expansion, 

shed light on this paradox. IL-12 is composed of two subunits, p35 and p40. The p40 subunit is 

shared with IL-23, which is a heterodimer of the p40 and p19 subunits (23). Therefore, any data 

obtained using IL-12p40
KO

 mice must be interpreted in the context of both a Th1 and a Th17 

deficiency. 
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To tease out the roles of Th1 versus Th17 deficiency in the host response to OPC, our 

laboratory infected IL-12p35
KO

 (IL-12
KO

) and IL-23p19
KO

 (IL-23
KO

) mice with C. albicans 

based on an infection model developed by the laboratory of Dr. Scott Filler (24). Briefly, mice 

were anesthetized and infected sublingually with a pre-weighed 2.5 mg cotton ball saturated in 

2x10^7 organisms/mL of C. albicans strain CAF2-1 suspended in PBS. On Day 5 post-infection, 

one half of the tongue was harvested, homogenized, and then plated for assessment of fungal 

burden by colony enumeration (20). 

As shown in Figure 2, both IL-12
KO

 and IL-23
KO

 mice show reduced clearance of the 

fungus at Day 5 post-infection compared to wild type (Figure 2A). However, the fungal burden 

in IL-12
KO

 mice did not result in overt OPC, whereas IL-23
KO

 mice show grossly visible 

pseudomembranous plaques, indicative of clinical disease (Figure 2B). In addition, the oral 

fungal burden in IL-23
KO

 mice was 2.6x10^4 per gram versus 1.4x10^3 in IL-12
KO

 mice (20). 

Furthermore, extension of the time course beyond Day 5 demonstrated that IL-12
KO

 mice were 

able to clear the infection by Day 17 (Figure 2C). This was in contrast to mice deficient in the 

IL-17RA subunit of the IL-17 receptor (IL-17RA
KO

), which are not responsive to IL-17, and who 

maintained a constant fungal burden throughout the 17 day experiment (20). This is consistent 

with the fact that IFNγ mice are resistant to OPC (22). Taken together, these data demonstrate 

that the IL-23/IL-17 axis of immunity is crucial in OPC resistance, whereas Th1 cells are less 

important. 
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A B 
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Figure 2: IL-23
KO

 mice show increased susceptibility to OPC compared to IL-12
KO

 mice.  

Experiments performed by Dr. Heather R. Conti (20). *, p <0.05 (Mann-Whitney test). 

Several other groups in have demonstrated a role for IL-17 in resistance to both OPC and 

other infections caused by C. albicans. Activation of specific fungal pattern recognition receptors 

(PRRs) on monocytes and dendritic cells, such as the mannose receptor, dectins 1 and 2, and the 

NLRP3 inflammasome, induce production of IL-1β, IL-6, and IL-23 leading to Th17 

differentiation (Figure 3) (25-28). Furthermore, differentiated Th17 cells express the chemokine 

receptor CCR6, which mediates migration to the skin and mucosal tissues, supporting a role for 

these cells in oral fungal infections, including OPC (29). In addition, secretion of IL-17A/F and 

IL-22 by Th17 cells induces production of antimicrobial peptides (AMPs) such as beta-defensin 

2 as well as granulocyte colony-stimulating factor (G-CSF) and CXC chemokines at mucosal 

epithelial surfaces (30, 31). Chemokines in the oral cavity act to recruit neutrophils to the oral 

mucosa, which is further amplified by G-CSF-mediated granulopoeisis (7, 26). Taken together, 

these data strongly suggest a role for IL-17 and Th17 cells in mediating resistance to OPC by 
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inducing the recruitment of neutrophils and the expression of antimicrobial peptides in the oral 

cavity. The putative mechanism by which this occurs is outlined in Figure 3. 

 

Figure 3: Putative immune response to oral challenge with Candida albicans 

1.3 PRIMARY IMMUNODEFICIENCIES AND OPC: HYPER-IGE SYNDROME 

Several primary immunodeficiencies in humans have been shown to confer susceptibility to C. 

albicans infections. Characterizing the mutations responsible for these immunodeficiencies have 

supported the laboratory findings that both PRRs and IL-17 are crucial for resistance to this 

organism. These primary immunodeficiencies can be loosely grouped into two categories: those 

involved in IL-17 and Th17 signaling, and those involved in recognition of C. albicans.  

Recently the first cases of primary IL-17 cytokine and IL-17 receptor deficiencies were 

reported by Puel, et al. (16). Patients with mutations in either IL-17F or IL-17RA were described 

to suffer from severe chronic mucocutaneous candidiasis (CMC). CMC presents clinically with 

recurrent C. albicans infections at mucosal surfaces, including the oral and genital tracts, and the 

skin.  
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However, these direct mutations in IL-17 and its receptor are extremely rare. Rather, 

mutations in the gene encoding STAT3 are the most common form of IL-17 and Th17 

deficiency. Patients with STAT3 mutations present with autosomal-dominant Hyper IgE 

Syndrome (AD-HIES), a disorder of variable penetrance that is associated with a constellation of 

clinical features. AD-HIES is characterized by mucocutaneous candidiasis (including recurrent 

OPC), severe eczema, recurrent Staphylococcus aureus infections, high serum IgE levels and 

characteristic facial and skeletal abnormalities. Although AD-HIES patients suffer from 

recurrent OPC, disseminated candidiasis and other fungal infections are rare in these patients 

(32, 33). In the majority of patients with AD-HIES, mutations have been localized to the gene 

encoding STAT3. Dominant negative mutations in the DNA binding or SH2 domains of STAT3 

lead to a greater than 50% reduction in STAT3 activity. This reduction leads to both Th17 and 

IL-17 deficiencies due to defects in IL-6 and IL-23 signaling, and ultimately causes susceptibility 

to diseases such as recurrent OPC (34-36).  

There is an autosomal recessive form of HIES (AR-HIES), which exhibits a very similar 

syndrome to that of the autosomal dominant form. However, AR-HIES patients also exhibit 

increased susceptibility to cutaneous viral infections, which is not found in AD-HIES. The 

hereditary mutations responsible for AR-HIES have not yet been characterized, although one 

patient with a documented Tyk2 (Janus kinase family member that phosphorylates STAT3) 

mutation who presented with an AR-HIES-like syndrome has been reported (37). Despite this 

finding, further genetic analysis of other AR-HIES patients did not reveal any other cases of 

Tyk2 mutation (38). 

Although there are several known mutations in the PRRs and recognition pathways 

involved in resistance to Candida albicans, detailed descriptions of these disorders are beyond 

the scope of this thesis. In brief, human patients with mutations in the PRR Dectin-1 and the 

adaptor molecule CARD-9 both demonstrate recurrent mucocutaneous candidiasis secondary to 

reduced IL-17 responses to fungal challenge (21, 39). 

Taken together, these striking findings in humans recapitulate much of the putative role 

of IL-17 and Th17 in OPC generated in basic science laboratories. These results provide exciting 

new treatment avenues to pursue within the IL-17 and the Th17 pathway, which could have 

significant implications considering the numerous pathologies in which IL-17 is implicated, 

including Rheumatoid Arthritis, Multiple Sclerosis and Inflammatory Bowel Disease. 
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1.4 SALIVARY CONTRIBUTION TO ORAL MUCOSAL IMMUNITY 

Saliva plays a major role in resisting oral infections, serving as a mechanical clearance 

mechanism and as a source of AMPs (40). The vital role of saliva is dramatically illustrated by 

OPC susceptibility in the context of clinical conditions: 1) Patients who have undergone 

head/neck irradiation have relatively normal adaptive immune systems, but are highly 

susceptible to OPC and 2) Sjögren’s syndrome patients also experience frequent bouts of OPC 

due to decreased C. albicans clearance because of severely reduced salivary flow (17, 41, 42). 

Whole saliva is derived from the buccal mucosa, gingival crevices and salivary glands, 

and is instrumental in oral barrier immunity (40). Salivary flow and AMPs such as histatins, 

defensins and calprotectins (S100A8/9) inhibit overgrowth and epithelial invasion of C. albicans 

(6, 43). Upon contact with C. albicans, oral epithelial cells and oral keratinocytes upregulate 

secretion of fungicidal factors, including the AMPs beta-defensin 2 and 3 (BD2, 3) (43). This 

secretion is thought to be enhanced by IL-17A and IL-22, both of which are produced by Th17 

cells (6). Data recently published by our group indicates both IL-17 and IL-23 help to control the 

anti-fungal activity of saliva, and therefore reveal an unexpected role for these cytokines in 

protecting against OPC. Our lab has previously shown by microarray that tongues harvested 

post-infection from IL-17RA
KO

 mice show decreased expression of S100A8, S100A9 and BD3 

compared to WT (20). 

Concordantly, the laboratory previously published found that the candidacidal activity of 

saliva from both IL-23
KO

 and IL-17RA
KO

 mice is considerably reduced compared to saliva from 

WT mice. Furthermore, this finding was correlated in human patients with HIES syndrome, 

whose saliva also showed decreased ability to kill C. albicans when compared to healthy 

controls. (Figure 4) (20, 44). Candidacidal activity was performed as previously described (20, 

44). Briefly, salivary secretion was induced by carbachol injection and saliva collected for 10 

minutes. Saliva was then incubated with C. albicans for two hours and plated on YPD for colony 

enumeration. Saliva from IL-23
KO

 mice exhibited reduced candidacidal activity compared to 

both WT and IL-12
KO

 mice on both Day 0 and Day 1, whereas saliva from IL-17RA
KO

 mice 

showed reduced candidacidal activity only on Day 1 (Figure 4A). In agreement with the mouse 

data, AD-HIES patient saliva exhibited significantly reduced candidacidal activity compared to 

normal controls (Figure 4B). 
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A 

 
 

B 

 

Figure 4: Saliva from IL-23
KO

 and IL-17RA
KO

 mice, and AD-HIES patients shows reduced 

candidacidal activity compared to healthy controls. Experiments performed by Dr. Heather R. Conti 

(20).*, p <0.05 (unpaired Student’s t-test). 

Since IL-23 is required for expansion of the Th17 cell population and for secretion of IL-

17 by both Th17 and innate immune cells, these data suggest that impaired function of Th17 

cells and the interplay between IL-23 and IL-17 reduces the fungicidal activity of saliva, which 

may negatively impact host resistance to OPC. However, the mechanisms by which IL-17 and 

IL-23 mediate salivary OPC resistance are still yet to be elucidated. 
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2.0  RESEARCH DESIGN AND METHODS 

2.1 MICE 

Wild type (WT) C57BL/6, WT B6129SF2/J, TCRγδ
KO

, TCRαβ
KO

, Prkdc
scid

, CD4
KO

, CD8
KO

, and 

SCIDγc
KO

 mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Floxed CD4+ T 

cell specific conditional STAT3
KO

 (CD4(stat3
KO

)) and STAT3-transgenic (HIES) mice were 

provided as a generous gift from the laboratory of Dr. J.J O’Shea at the NIH (Bethesda, MD). IL-

23p19
KO

 mice were bred in-house, but had been previously provided by the laboratory of Dr. Jay 

K. Kolls at LSU (New Orleans, LA). Unless otherwise specified, all mice used were on the 

C57BL/6 background, 6-10 weeks of age and exclusively female or male to minimize variability 

due to salivary gland differences between sexes (45). Cohorts of nine mice have sufficient power 

to achieve statistical significance of p<0.05 (20, 24). All mice were housed in the Thomas E. 

Starzl South Biomedical Sciences Tower at the University of Pittsburgh. Mice were housed 

initially in a specific pathogen free corridor in microisolator caging and given only food, water 

and bedding that had been autoclaved. For infection, mice were infected in a BSL-2 corridor in 

the same building to protect both animals and personnel, which also adhered to SPF protocols 

and used only autoclaved supplies. 

2.2 ORAL INFECTION WITH CANDIDA ALBICANS 

Infection with Candida albicans strain CAF2-1 and collection of saliva was performed as 

published by Kamai et. al. (24) and our lab (20). Briefly, mice were infected sublingually with a 

2.5 mg cotton ball saturated in 2x10^7 organisms/mL of Candida albicans strain CAF2-1 
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suspended in PBS. On Days 4 or 5 post-infection, mice were sacrificed and the tongue and 

kidney harvested for analysis. Susceptibility to OPC was determined by tracking weight loss 

over the course of infection followed by tongue homogenization to determine total oral fungal 

burden. For humane purposes and to minimize suffering, mice were euthanized when weight loss 

reached greater than 30% of initial body weight. Gross and histologic examination of the tongue 

for pseudomembranous plaques and the presence of Candida was performed by Hematoxylin 

and Eosin and Periodic Acid Schiff staining, respectively (20). Data were compared to untreated, 

uninfected WT (sham), untreated, infected WT (negative control) and infected, cortisone-treated 

WT mice (positive control). Our experimental protocol for establishing OPC infection has 

demonstrated that development of overt disease occurs in WT mice after immunosuppression 

with administration of 225 mg/kg cortisone acetate on Days -1 before infection and Days 1 and 3 

post-infection. Disease also develops in both IL-17RA
KO

 and IL-23
KO

 mice without additional 

immunosuppression demonstrating the role of Th17 cells in this model (20). The kidney was also 

homogenized in each mouse to ascertain if disseminated candidiasis (candidemia) had occurred 

secondary to oral challenge. To determine if statistically significant differences existed between 

the oral fungal burdens of different cohorts, an unpaired Student’s t-test with Welch’s correction 

was performed, unless otherwise specified in the figure legend. 

2.3 COLLECTION AND ANALYSIS OF MURINE SALIVA 

Baseline salivary secretion in mice is insufficient to perform candidacidal testing. Therefore, 

salivary secretion was induced by intraperitoneal injection of 10ul of 100ug/ml 

carbamoylcholine chloride in phosphate-buffered saline (Sigma-Aldrich, St. Louis, MO). Saliva 

was then collected directly from the oral cavity using a micropipette. Collected saliva was 

centrifuged for five minutes at 2500 rpm and supernatant removed and placed in another tube, 

discarding the pelleted proteins. The supernatant was then incubated at a 3:1 ratio with 10^4 

organisms of C. albicans for two hours and plated in triplicate on YPD agar for colony 

enumeration. Histatin-5 (a histidine-rich antifungal peptide found in human saliva purchased 



 13 

from AnaSpec, San Jose, CA) was used as a positive control and C. albicans alone was used as a 

negative control.  

Oral amylase activity in murine saliva was assessed using the EnzChek Ultra Amylase 

Assay Kit (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol (46). However, 

human salivary α-amylase (Sigma-Aldrich) was used to create the standard curve to measure 

murine salivary α-amylase concentrations in lieu of the α-amylase derived from Bacillus spp. 

that was recommended by the kit. Fluorescent activity in each sample was determined by kinetic 

assay using FluroNunc
TM

 96-well flat bottom black plates (Nunc, Roskilde, Denmark) during 

which fluorescence was measured in five minute intervals using the Synergy 2 Microplate 

Reader (BioTek, Winooski, VT).  

Oral chitinase activity was detected using the Fluorometric Chitinase Assay Kit (Sigma-

Aldrich) according to the manufacturer’s protocol. All data shown depicts the concentration of 

chitinase in each sample based on cleavage of the 4-Methylumbelliferyl N-acetyl-β-D-

glucosaminide substrate provided by the kit, which measures β-N-acetylglucosaminidase 

activity. As in the amylase assay, activity was measured using a kinetic assay on the Synergy 2 

microplate reader on FluroNunc
TM 

96-well black plates. The concentration of chitinase in murine 

samples was calculated using the formula detailed in the manufacturer’s protocol based on the 

results from internal standards provided by the kit. 

For both α-amylase and chitinase, the fluorescent signal from each sample at each time 

point was first normalized by subtracting the appropriate substrate control (no enzyme) to 

eliminate background fluorescence. Once the normalized value was obtained, this was used to 

plot the activity of the samples over time (shown in Figure 9A and B). 

2.4 GENERATION OF STAT3-TRANSGENIC (HIES) MICE 

Homozygous somatic mutations or deletions in STAT3 are embryonic lethal; therefore the most 

common models of STAT3 deficiency utilize a Cre-Lox system to study the effect of loss of this 

transcription factor on specific tissues (47, 48). Varied Cre-mediated tissue-specific STAT3 

deletion studies have shown that adult mice with STAT3 defects exhibit many abnormalities 
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such as delayed wound healing, thymic hypoplasia and hematopoietic defects, depending on the 

affected tissue (48). Although this approach is useful for studying the effects of STAT3 on a 

single tissue, these mouse models do not accurately represent HIES patients, who have a 

heterozygous STAT3 mutation that is expressed on a whole body level. Therefore, to create a 

mouse model of HIES, a tissue-nonspecific transgenic approach is appropriate. 

 The HIES mouse model (STAT3-tg) was generated at the laboratory of Dr. John J. 

O’Shea at NIAID, NIH. In brief, HIES mice were generated by inserting a STAT3 transgene 

containing a deletion of Valine 463 as well as partial deletion of the adjacent intron (Figure 9). 

From the transgenic embryos selected, the line studied in this paper harbors five copies of the 

mutant transgene on the X chromosome. This mouse is thought to be similar to AD-HIES 

patients in the sense that V463 is considered a “hot spot” mutation site in HIES patients that 

reduces STAT3 activity by greater than 50% (49). Although the HIES mice express five copies 

of the mutant transgene on chromosome X, the endogenous STAT3 genes remain unaffected. 

Therefore the mouse is able to generate sufficient wild-type STAT3 homodimers to survive to 

adulthood, but is predicted to demonstrate adult tissue defects and susceptibility to infection 

similar to HIES patients due to the risk of heterodimer or mutant homodimer generation using 

the mutant STAT3 gene product. 

2.5 T HELPER CELL DIFFERENTIATION AND FLOW CYTOMETRY 

T helper cells were differentiated from CD4+ splenocytes as follows. Whole spleens were 

sterilely harvested and placed immediately into CRPMI (Gibco, Carlsbad, CA) media on ice. A 

single cell suspension was generated by dissociating the organ and passing the homogenized 

tissue through a 40 micron cell strainer. Red cell lysis was carried out using 2 ml of sterile Gey’s 

solution, incubating the cells for four minutes at room temperature, and then neutralizing the 

reaction with an excess of CRPMI. Cells were then washed once using sterile 1X PBS. 

To isolate CD4+ T cells, negative selection was performed by labeling the cells using 

the CD4+ T Cell Isolation Kit and collecting the CD4+ fraction on using an autoMACS 

according to the manufacturer’s protocol (Miltenyi-Biotec, Bergisch Gladbach, Germany). An 
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aliquot of CD4+ cells was taken and resuspended in CRPMI containing only 27.5 uM β-

mercaptoethanol (Gibco) to be used for unstimulated controls. The remaining CD4+ cells were 

resuspended in CRPMI supplemented with 2 ug/ml anti-CD3 antibody (BD Pharmingen), 2 

ug/ml anti-CD28 antibody (eBiosciences, San Diego, CA), 20 U/ml rmIL-2 (R&D Systems, 

Minneapolis, MN) and 27.5 uM β-mercaptoethanol. Cells were plated in 24-well culture dish at a 

density of 1M cells per well and the following antibodies and differentiating cytokines were 

added. For Th0 cells (used as a staining control), no additional reagents were used. For Th1 

differentiation, 10 ug/ml anti-IL-4 (eBioscience) and 10 ng/ml IL-12 (R&D Systems) was added. 

For Th17 differentiation, 30 ng/ml IL-6 (R&D Systems), 50 ng/ml IL-23 (R&D Systems), 5 

ng/ml hTGF-beta1 (R&D Systems), 10 ug/ml anti-IL-4 and 10 ug/ml anti-IFN-γ (eBioscience) 

was added. 

On culture Day 3, an additional milliliter of CRPMI supplemented with 27.5 uM β-

mercaptoethanol and 20 U/ml rmIL-2 was added to each well. Cells were then harvested on Day 

6 and the percentages of Th1 and Th17 cells determined by flow cytometry. Fluorescent cytokine 

staining for IL-17 and IFNγ was carried out by both traditional intracellular staining and by 

surface staining using the IFNγ and IL-17 Secretion Assays according to the manufacturer’s 

protocol (Miltenyi-Biotec). 

Intracellular staining was performed as follows. Cells were stimulated at 37°C for 5-8 

hours using 1.5 ug/ml ionomycin (Sigma-Aldrich), 50 ng/ml PMA (Sigma-Aldrich) and 1 ul 

GolgiPlug (BD Biosciences) per 1x10^6 cells suspended in 1 ml CRPMI. After stimulation, cells 

were kept on ice all the time unless indicated and stained at a concentration of 1x10^6 cells per 

sample. An initial Fc blocking step was performed to minimize non-specific binding by 

incubating each sample in 100 µl of FACS Buffer supplemented with 0.5ug of Fc block 

(CD16/32, eBioscience) and incubated on ice for 10 minutes. Surface staining for CD4 was then 

performed prior to intracellular staining by resuspending the cells in 100µl of FACS buffer 

containing CD4-FITC (BD Pharmingen). Single color controls for IL-17 and IFN-γ were surface 

stains using MHC Class II-PE (eBioscience) and CD3-APC (BD Pharmingen) respectively. Cells 

were incubated with surface antibodies for 30’ on ice in the dark. 

After completion of surface staining, cells were fixed using the BD Cytofix/Cytoperm 

Fixation/Permeabilization Kit according to the manufacturer’s instructions. Cells were then 
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stained with IFNγ-APC (BD Pharmingen) and/or IL-17-PE (BD Pharmingen) and incubated for 

30’ on ice and in the dark. 

For surface IL-17 and IFNγ staining, the appropriate secretion assay was used according 

to the manufacturer’s instructions. In brief, cells were stimulated at 37°C for 3 hours using 1 

ug/ml ionomycin and 10 ng/ml PMA per 1x10^6 cells suspended in AIM V media (Invitrogen) 

supplemented with 27.5 uM β-mercaptoethanol. Cells were then labeled with both IL-17 and 

IFNγ catch reagents and cytokines allowed to secrete for 45 minutes with shaking at 37°C. Cells 

were then stained with biotinlyated IL-17, followed by surface staining for IFN and biotin 

according to the manufacturer’s instructions. Cells were also stained for CD4 as described above. 

Samples were acquired on an LSR II (BD Biosciences) and all data analyzed using 

FlowJo version 7.6.4 (Tree Star, Inc., Ashland, OR). 
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3.0  RESULTS 

3.1 IL-17 PRODUCTION IN RESPONSE TO ORAL CHALLENGE BY CANDIDA 

ALBICANS IS MULTIFACTORIAL, BUT CRUCIAL FOR IMMUNE RESISTANCE 

3.1.1 Although CD4-specific STAT3 Deficient Mice Are Not Susceptible to OPC, 

RORγt
KO 

Mice Develop Disease 

Due to the fact that HIES patients are known to have both Th17 and IL-17 deficiencies, which 

are thought to contribute to these patients’ recurrent thrush, we first assessed OPC susceptibility 

in a CD4(stat3
KO

) mouse to confirm the crucial role of Th17 cells in resisting OPC. Since 

STAT3 is required for Th17 differentiation, and all T helper cells express CD4, we expected that 

CD4(stat3
KO

) mice, which do not produce any Th17 cells, would show increased susceptibility to 

OPC due to this defect (34). Despite previous data published by our laboratory that suggested the 

canonical Th17 lineage mediated the IL-23/IL-17 immune response to OPC, and thus conferred 

resistance (20), CD4(stat3
KO

) mice were completely resistant to infection (Figure 5). Both 

CD4(stat3
KO

) mice (STAT3 FC), as well as stat3
fl/fl

Cre
neg

 (STAT3 FW) completely cleared the 

infection by Day 5, similar to wild type C57BL/6 mice (Figure 5A). To minimize the possibility 

that this finding was due to experimental error, virulence of the organism was assured by the 

high fungal burden of cortisone-treated WT mice (positive control), and the development of OPC 

by IL-23
KO

 mice. We further confirmed that the CD4(stat3
KO

) mice we infected demonstrated a 

Th17 differentiation defect by inducing differentiation of whole splenocytes (Figure 5B). 

In light of the result that STAT3 deficiency in the CD4 compartment did not confer 

susceptibility to OPC, we examined the role RORγt using a knockout mouse model. RORγt 
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expression is necessary for production of IL-17 in both T cells and innate IL-17-producing cell 

types.  Although loss of a single allele of RORγt did not affect the mouse’s ability to resist oral 

C. albicans challenge, the homozygous knockout mouse was found to be more susceptible than 

IL-23
KO

 mice, suggesting a major role for RORγt-mediated IL-17 expression in the immune 

response to OPC (Figure 5C). 
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Figure 5: Although CD4(stat3
KO

) mice resist OPC,  RORγt
KO

 mice are strikingly susceptible.  

A and C – Results of OPC challenge of CD4(stat3
KO

) and  of RORγt
KO

 mice; STAT3 FW=STAT3
fl/fl

, 

Cre
neg

. *, p = <0.05, **, p = <0.01. Significance determined by unpaired student’s t-test with Welch’s 

correction. B – Percentage weight change compared to Day 0 over the course of the five day infection. D 

– Results of T helper cell differentiation of whole splenocytes.  Total cell viability was decreased in Th17 

differentiated STAT3 FC CD4+ splenocytes, thus although IL-17+ cells were found at frequency of 

5.13%, this did not represent a comparable absolute number of IL-17 producing cells as WT or STAT3 

FW. Data representative of two experiments. N=5 for each cohort except sham and WT, where N=3. 
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3.1.2 Sole Deficiency in CD4 or CD8 T cells Is Not Sufficient to Confer Susceptibility to 

OPC, but Loss of the Entire Lymphocyte Lineage Causes Profound OPC 

Although IL-23
KO

 mice develop evidence of overt thrush and IL-12
KO

 mice do not, the latter 

mice do harbor a significant oral fungal burden on Day 5, which is eventually cleared by Day 17 

(Figure 2). These data suggest that although IL-17 is crucial for resistance of thrush, there may 

still be a role for Th1 cells in resistance of OPC. To ascertain whether there may have been a 

compensatory response of Th1 cells in the CD4(stat3
KO

) mice that allowed these mice to resist 

OPC, we tested the susceptibility of CD4
KO 

mice, which are deficient in all T helper lymphocytes 

compared to CD8
KO 

mice, which are deficient in all T cytotoxic lymphocytes. Unexpectedly, 

both CD4
KO 

and CD8
KO 

mice regained all lost weight and cleared the C. albicans challenge by 

Day 5 (Figure 6A and B). These findings, in conjunction with the fact that CD4(stat3
KO

) mice 

are resistant to the development of OPC, suggest that the major contribution to the early response 

(less than five days) to oral challenge with C. albicans is due to an innate cell type that does not 

express either CD4 or CD8. However, it is certainly possible that compensatory mechanisms in 

CD4
KO 

and CD8
KO 

mice are responsible for the initial resistance to OPC, and that these cell types 

still comprise a significant part of the immune response. 

Upon determining that neither CD4
KO 

nor CD8
KO 

were susceptible to OPC, we infected 

IL-2Rγc
KO

 mice, which are deficient in all cytokines that rely on the common γ chain (IL-2, IL-

4, IL-7, IL-9 and IL-15). These mice are therefore profoundly immunosuppressed and exhibit 

defects in both production and function of T lymphocytes (including γδ T cells), myeloid cells, 

natural killer cells, and B lymphocytes, as well as lymphoid tissue structural defects. Although 

the effects of deficiency in the common γ chain are broad and affect nearly all areas of the 

immune system, studying the IL-2Rγc
KO

 mice allowed us to begin to delineate which cell type is 

the primary IL-17 producer in the initial response to oral challenge with C. albicans by isolating 

which cytokines were responsible for maintenance of the cell type. As expected, infection of IL-

2Rγc
KO

 with oral candidiasis led to profound weight loss, surpassing that of cortisone-treated 

wild type mice, and an inability of the mice to survive beyond Day 4 post-infection (Figure 6C 

and D). 
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Figure 6: IL-2Rγc
KO

 mice succumb to oral infection with C. albicans while mice deficient in solely 

CD4 or CD8 are able to completely resist infection. A and C – Colony forming units/gram of tongue 

on Day 5. **, p = <0.01. Significance determined by unpaired student’s t-test with Welch’s correction. B 

and D – Percentage weight change compared to Day 0 over the course of the five day infection. 
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3.1.3 Deficiency in Natural Killer and Natural Killer T Cells Does Not Affect the Immune 

Response to Oral C. albicans Challenge 

The finding that IL-2Rγc
KO

 mice are profoundly susceptible to OPC while CD4
KO

 and CD8
KO

 

are not suggested the possibility that the early innate immune response to oral C. albicans 

challenge is not CD4 or CD8 T lymphocyte mediated, but rather primarily mediated by an innate 

IL-17-secreting cell such as NK, NKT or γδ T cells. To determine the potential role for NK and 

NKT cells, we took a two-pronged approach that examined the susceptibility of IL-15Rα
KO

 mice 

as well as that of Prkdc
scid

 (SCID) mice. IL-15 is essential for the development of both NK and 

NKT cells, as well as preventing apoptosis of lymphocytes. Therefore, IL-15Rα
KO

 mice have 

abnormal NK cell production as well as a complete absence of NK cytolysis and a significant 

decrease in NKT cells (50, 51). Furthermore, these mice exhibit defects in the CD8 T cell and 

intraepithelial γδ T cell compartments (52). On the other hand, SCID mice harbor a mutation in 

Prkdc, a protein kinase gene, which leads to severely decreased B and T cell numbers, but an 

increase in NK cell number and cytolytic activity, as well as an increase in macrophage, 

monocyte and granulocyte numbers (53). 

Upon oral challenge with C. albicans, IL-15Rα
KO

 mice were found capable of completely 

clearing the fungus whereas the SCID mice developed overt thrush over the course of the five 

day infection (Figure 7). Since the IL-15Rα
KO 

mice were able to clear the pathogen despite the 

fact that they lack NK cell cytolytic activity while SCID mice, which have hyperactive NK cells, 

were susceptible to OPC, we can conclude that NK cells do not play a significant role in the 

immune response to oral challenge with C. albicans. 
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Figure 7: IL-15
KO

 mice completely resist OPC despite a complete lack of NK cells, while SCID 

mice develop overt disease with hyperactive NK cells. A and C – Colony forming units/gram of 

tongue on Day 5. B6 = C57BL/6 WT mice; SF2 = B6.129SF2/J hybrid WT mice. *, p = <0.01. 

Significance determined by unpaired student’s t-test with Welch’s correction. B and D – Percentage 

weight change compared to Day 0 over the course of the five day infection. 
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3.1.4 The γδ T Cell Compartment is Not the Primary Source of IL-17 in the Immune 

Response to Oral Challenge with C. albicans 

The confirmation that the major source of IL-17 in response to C. albicans in the oral cavity is 

not NK or NKT cells reaffirmed the hypothesis that the primary mediator of IL-17 secretion is a 

member of the T lymphocytic compartment. However data CD4 and CD8 knockout mice cast 

significant doubt that acquired T cell immunity plays a major role in the initial immune response, 

suggesting a role for buccal mucosal-resident γδ T cells. Previous data published by our lab 

demonstrated that TCRγδ
KO

 mice are only partially susceptible to OPC, exhibiting low oral 

fungal burdens and no evidence of overt disease (20). We reaffirmed these findings by 

challenging TCRγδ
KO 

mice side-by-side with TCRαβ
KO 

mice (Figure 8). As shown in the Figure 

8A, the TCRγδ
KO 

mice were only partially susceptible, exhibiting a bimodal distribution of either 

no fungal burden, or a low fungal burden, which is very similar to our published data (20). In 

contrast the TCRαβ
KO 

mice completely cleared the pathogen, similar to WT. Although the 

TCRγδ
KO 

mice showed variable susceptibility, in conjunction with published results, these data 

suggest that deficiency in γδ T cells is insufficient to confer susceptibility to thrush in the 

absence of other immunodeficiency.  
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Figure 8: TCRγδ
KO 

mice are only partially susceptible to OPC while TCRαβ
KO 

mice are resistant. 

A – Colony forming units/gram of tongue on Day 5. B – Percentage weight change compared to Day 0 

over the course of the five day infection. 

For ease of reference, Table 1 details the susceptibility profile of the knockout strains 

tested in our OPC model (Figures 5, 6, 7, and 8), as well as a brief summary of the immune 

defects found in these mice. Taken together, the knockout mouse susceptibility data strongly 

suggests that NK and NKT cells play little or no role in the initial immune response to OPC. 

Furthermore, data in all of the different iterations of T cell knockout mice suggests that both the 

γδ and αβ T cell lineages may be involved in resisting oral challenge with OPC, but that the 

extent of this may be masked in any particular mouse model due to compensatory responses.  
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Table 1: Summary Table of OPC Susceptibility in Mouse Models of Immunodeficiency 

Knockout 

Mouse 

Susceptible? Immunodeficiency (with respect to Th17/IL-17) 

IL-23p19 Yes  Impaired maintenance of Th17 cells in vivo 

 Decreased IL-17 production 

IL-17RA Yes  Response to IL-17A and IL-17F absent in all tissues 

IL-12p35 ±  Th1 cells absent 

CD4(stat3) No  Th17 cells absent 

 Decreased IL-17 production 

RORγt Yes  All IL-17 secreting cells absent 

CD4 No  CD4 cells absent 

 Increased numbers of CD8 cells 

CD8 No  CD8 cells absent 

IL-15Rα No  Very few NK or NKT cells 

 No NK or NKT cell cytolytic ability 

 Decreased numbers of CD8 cells 

Prkdc
scid

 Yes  Decreased numbers of αβ and γδ T cells 

 Increased NK cell number and cytolytic ability 

 Increased numbers of granulocytes 

IL-2Rγc Yes  Severely immunocompromised 

o γδ T cells, NK cells and NKT cells absent 

o Decreased numbers of CD4 and CD8 cells 

TCRαβ
KO

 No  Decreased numbers of αβ T cells (CD4 and CD8) 

TCRγδ
KO

 ±  Decreased numbers of γδ T cells 
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3.2 AMYLASE AND CHITINASE CONCENTRATIONS DO NOT CONTRIBUTE TO 

CANDIDACIDAL ACTIVITY OF SALIVA 

Our laboratory has previously published that the candidacidal activity of saliva from IL-23
KO

 

mice was decreased compared to WT both at baseline and on Day 1 of infection (Figure 4A). To 

further characterize the role of salivary glands in this phenomenon, we performed microarray 

experiments on mRNA from the submandibular gland to identify any global gene expression 

changes. The gland was harvested from IL-23
KO

 mice on Day 1 post-infection, and microarray 

was performed on total mRNA hybridized to Affymetrix Mouse 430(2) chips and analyzed using 

BRB-ArrayTools (NCI) using an unpaired t-test with random variance and a significance 

threshold of <0.05. A total of 95 genes with p < 0.05 and fold-change greater than 2 were found 

to be altered between IL-23
KO

 and WT mice (data not shown). Surprisingly, no changes were 

observed in any common immune genes such as chemokines and complement factors, which are 

observed to be upregulated in Sjögren’s syndrome studies (54, 55). Instead, the most strongly 

downregulated genes in the IL-23
KO

 mice were associated with constitutive mouse salivary gland 

function, including a highly significant decrease in chitinase and α-amylase activity compared to 

WT. We therefore hypothesized that differences in expression of these salivary enzymes may 

provide a partial mechanism for the previous finding by our laboratory that the candidacidal 

activity of IL-23
KO

 mice and IL-17RA
KO

 mice is decreased compared to WT (20). However, an 

enzymatic analysis of the amylase and chitinase activity of saliva from IL-23
KO

 mice and IL-

17RC
KO

 mice did not show any difference in the activity of these enzymes compared to WT 

(Figure 9). Therefore, although the expression levels of these genes may differ between IL-23
KO 

mice and WT, there was no measurable functional difference. 
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Figure 9: Salivary α-amylase and chitinase levels in IL-23
KO

 and IL-17RA
KO

 mice are similar to WT.  

A – The average concentration of chitinase. B – The average concentration of α-amylase. For both 

experiments, n = 3. ***, < 0.001, significance determined by matched one-way ANOVA. Data 

representative of two experiments. 

A 

 
B 
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3.3 TRANSGENIC MOUSE MODEL OF HIES DEMONSTRATES CLINICAL 

FEATURES OF HIES, BUT NOT OROPHARYNGEAL CANDIDIASIS 

3.3.1 Mouse Model of Hyper-IgE Syndrome Demonstrates Reduced Th17 Differentiation 

in vitro 

As described in the introduction to Hyper-IgE syndrome, the majority of patients with AD-HIES 

carry mutations in the SH2 or DNA-binding domain of one STAT3 allele that prevent the mutant 

transcription factor from forming functional dimers. To create an animal model that recapitulates 

this phenomenon, the laboratory of Dr. J.J. O’Shea inserted mutated copies of STAT3 as a 

transgene into the genome of wild type C57BL/6 embryos (Figure 9A). The inserted STAT3 

carried a deletion of Valine at position 463 in the DNA-binding domain, which is a hotspot 

position for human mutations (36, 56, 57). In addition, the transgene also harbored a partial 

deletion of the intron downstream of V463. This process yielded two separate lines carrying the 

mutated transgene, one carrying five copies on the X chromosome (hereafter referred to as Line 

A), and one carrying two copies on a as yet undetermined somatic chromosome (hereafter 

referred to as Line B). All data shown in this study were obtained with Line A. Confirmation that 

progeny generated in our facility carried the transgene was performed by PCR for amplification 

of the mutated gene as well as the endogenous WT gene (scheme shown in Figure 9B). As 

expected, all mice carried an endogenous WT gene that was significantly fainter than the 

transgene in transgene-positive (HIES) mice (Figure 9C). 

To further confirm that the mutant transgene decreased STAT3 activity in the HIES mice 

compared to WT, we examined the ability of HIES mice to generate Th17 cells, which require 

STAT3 to successfully differentiation. Due to the fact that both alleles of endogenous STAT3 are 

present in these mice, the mutated transgene STAT3 must compete with wild type STAT3 to 

induce formation of non-functional mutant:WT heterodimers or mutant:mutant homodimers. 

Therefore, as expected, HIES mice demonstrated a variable ability to generate Th17 cells (Figure 

9D). Although the majority of the HIES mice showed reduced Th17 generation, this was not 

significant due to the tremendous variability of STAT3 function in these mice. 
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Figure 10: A mouse model of HIES demonstrates a partial defect in Th17 differentiation in vitro. 

A – Schematic of the STAT3 gene indicating the location of the mutation present in the transgene. B – 

Schematic demonstrating the strategy of STAT3 mutation in the transgene. C – Representative PCR result 

of transgenic HIES genotyping (lanes 4-6 and 10-13) versus WT littermate controls (lanes 7-9). D – Results 

of in vitro Th17 differentiation of CD4+ splenocytes isolated from spleen. % IFNg+ cells = frequency of 

IFNγ producing cells induced by Th1 differentiation. % IL-17+ cells = frequency of IL-17 producing cells 

induced by Th17 differentiation. HIES
+/-

 = X*X; HIES
+/+

 = X*Y 
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3.3.2 HIES Mice Develop Eczematous Lesions Despite Demonstrating Resistance to 

Oropharyngeal Candidiasis 

Although Hyper-IgE syndrome is associated with a constellation of clinical features, two of the 

most common clinical manifestations are recurrent OPC and severe eczema. Eczema is often a 

defining feature that manifests at or around the neonatal period and persists throughout the 

patient’s lifetime (32). Mucosal Candida albicans infections also manifest early in life, and may 

occasionally pre-date development of eczema (33). The recurrent nature of the mucosal 

candidiasis in these patients commonly requires maintenance antifungal prophylaxis (32). 

We examined the susceptibility of both heterozygote (X
tg

X) females and homozygote 

(X
tg

Y) males to oral challenge with C. albicans using our mouse model of OPC. Both X
tg

X and 

X
tg

Y mice exhibited complete resistance, clearing all traces of the fungus, and regaining all lost 

weight by Day 5 post-infection (Figure 11A and 11B). This may be due to the high variability of 

Th17 differentiation seen in the splenocytes of these mice, suggesting that the Th17 defect in the 

mouse model may not be as complete as that seen in HIES patients (Figure 10D). However, the 

X
tg

Y mice developed an eczematous rash during the course of the oral challenge (Figure 11C). 

Histologic analysis of these lesions demonstrated evidence of hyperkeratosis, epidermal 

hyperplasia and epidermal-dermal separation, indicative of an inflammatory process at the 

epidermal and dermal layers (Figure 11D). Furthermore, as shown in Figure 11E, the 

inflammatory skin lesions demonstrated a mixed immune cell infiltrate containing both 

lymphocytes and granulocytes (eosinophils and neutrophils visible in insets). Staining of these 

lesions with Periodic Acid Schiff did not demonstrate any Candida albicans yeasts or hyphae 

(data not shown). 

In keeping with previously published studies that lack of STAT3 in the skin leads to 

impaired second hair cycle growth as well as delayed wound repair, uninfected HIES transgenic 

mice demonstrated both of these phenomenon (58). As shown in Figure 10F, X
tg

X mice 

developed hypopigmentation of the hair during the second hair growth cycle. Prior to the second 

hair cycle, hair appeared identical to that of WT littermate controls (data not shown). In addition, 

an X
tg

Y mouse attacked by a littermate WT demonstrated an inability to heal a moderate 
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thickness skin wound over a period of more than eight weeks, despite topical antibiotic 

treatment, and isolation from other animals (Figure 11G). 

Taken together, these findings suggest that although this HIES mouse model is not 

appropriate for the study of oropharyngeal candidiasis, these mice do exhibit common skin 

defects associated with HIES, and may be a good candidate for studying the cutaneous immune 

response to the Staphylococcal skin infections that plague these patients, as well as for 

examining the immune response to cutaneous infections by Candida albicans. 
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Figure 11: HIES mice are resistant to oropharyngeal candidiasis but demonstrate skin findings 

similar to both HIES patients and mouse models of STAT3 deficiency. A – Colony forming 
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units/gram of tongue on Day 5 post-infection with oral C. albicans. HIES
+/-

 = X*X; HIES
+/+

 = X*Y. B 

– Percentage weight change compared to Day 0 over the course of the five day infection. C – 

Representative gross lesion present on skin of X
tg

Y mice infected orally with C. albicans. D and E – 

Microscopic images representative of skin changes present in the gross lesion in C. D shows evidence 

of epidermal hyperplasia and hyperkeratosis (top) as well as epidermal-dermal separation (bottom). E 

shows evidence of granulocytic (top) and lymphocytic (bottom) immune cell infiltrate. F – Gross image 

of impaired second hair grown in an uninfected X
tg

X female. G – Gross image of a two-month old 

lesion on an uninfected X
tg

Y male that shows significantly impaired wound repair. 
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4.0  CONCLUSIONS 

4.1 IL-17 SECRETION IS ESSENTIAL FOR HOST RESPONSE TO C. ALBICANS 

AND IS THEREFORE SECRETED BY MULTIPLE CELL TYPES 

Numerous previous studies, including our own, have demonstrated a crucial role for IL-17 in 

both the oral mucosal and systemic responses to Candida albicans. In systemic challenge, both 

IL-17RA
KO

 and IL-17A
KO

 mice demonstrated reduced survival, and IL-17RA
KO

 mice were also 

reported to have increased systemic fungal burden and defective neutrophil recruitment to 

infected organs (19, 59). In the oral cavity, C. albicans challenge caused development of overt 

thrush in IL-23p19, IL-12p40 and IL-17RA mice but not in IL-12p35 or IFNγ knockout mice, 

demonstrating an essential role for the IL-23/IL-17 axis of immunity in the oral response to C. 

albicans and suggesting that the IL-12/IFNγ pathway is of less importance (20, 22). Furthermore, 

IL-17 has been shown to be protective in pulmonary challenge by other fungal pathogens, 

including Aspergillus fumigatus and Pneumocystis jirovecii (60, 61). In contrast, in a gastric 

model of candidiasis, IL-17 has been shown to exacerbate disease, suggesting that IL-17 may 

exhibit location-specific protective effects (62).  

In agreement with previous reports, this study demonstrated repeatedly that IL-23
KO

 mice 

are uniformly susceptible to development of OPC, and in fact can be used as a physiologic 

positive control in lieu of immunosuppressed cortisone-treated WT mice (Figures 5, 6, 7, 8 and 

11). Strikingly, this study further showed that mice deficient in RORγt, who lack all IL-17 

producing cells, are more susceptible than IL-23
KO

 mice (p=0.0082) to oral challenge with C. 

albicans, further supporting a role for IL-17 (Figure 5C). Although IL-23 is known to enhance 

IL-17 production as well as expand and potentiate Th17 cells in vivo, the cytokine also has other 

functions. The finding that RORγt
KO

 mice are susceptible supports the hypothesis that loss of  
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IL-17 secreting cells in IL-23
KO

 mice is responsible for their susceptibility to OPC. Taken 

together with the previously published data that IL-17RA
KO

 mice are susceptible, these data 

strongly suggest that IL-17 is essential and irreplaceable for resistance to oral challenge with C. 

albicans. Although we did attempt to demonstrate this phenomenon directly, we were unable to 

successfully knock down IL-17 in vivo using administration of both IL-17 and IL-17 receptor-

blocking antibodies (data not shown), perhaps due to difficulty in antibody trafficking into the 

oral cavity. Nonetheless, IL-17RA
KO

 and IL-17RC
KO

 mice are susceptible to oral candidiasis, 

consistent with IL-17 dependence for the immune response to OPC (20, 63). 

Surprisingly, CD4(stat3
KO

) mice proved completely resistant to OPC (Figures 5A and 

5B), despite the fact that these mice were unable to make any Th17 cells (Figure 5D). Taken 

together with the fact that RORγt and IL-23
KO

 mice are susceptible to our five day model of 

OPC, this suggests that the initial immune response to oral challenge to C. albicans is mediated 

by IL-17 production in a cell type(s) other than canonical Th17 cells. Although Th17 cells appear 

to be dispensable for our model, they may play a major role in memory responses to oral C. 

albicans infections. Data generated from human samples have shown that memory T cells 

specific for C. albicans exhibit a Th17 phenotype as well as mucosal homing molecules (29). 

Furthermore, patients with IL-17RA mutations or HIES, who are subject to recurrent OPC, show 

defective Th17 production and abnormal immune responses to C. albicans (16, 34). 

To determine which cell(s) were responsible for the initial IL-17 production in our model 

of OPC, we strategically infected a series of knockout mice with defects known to affect IL-17 

production in NK, NKT, CD4, CD8 and γδ T cells. We first confirmed our hypothesis that the 

major initial response to OPC is mediated by an innate cell type and not by T helper cells by 

examining the susceptibility of CD4 and CD8 knockout mice. Both knockouts were able to 

completely clear the infection by Day 5 (Figure 6A and 6B), which supported our hypothesis and 

concurrently confirmed that compensatory Th1 and/or Tc1 (T cytotoxic) responses were not 

responsible for the clearance of C. albicans by CD4(stat3
KO

) mice. 

 With the knowledge that neither Th17 nor CD8+ T cells are the major producer of IL-17 

in the initial response to OPC, we examined the susceptibility of IL-2Rγc
KO

 mice, which are 

profoundly immunosuppressed and were therefore expected to demonstrate severe OPC. As 

expected, these mice were extremely susceptible to disease. Although the oral fungal burden in 

the IL-2Rγc
KO

 mice was similar to that of both IL-23
KO

 and cortisone-treated WT mice (Figure 
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6C), these mice had considerably higher morbidity and mortality. IL-2Rγc
KO

 mice were unable 

to survive past Day 4 due to rapid, excessive weight loss, surpassing even cortisone-treated WT 

mice in percentage of weight lost over the course of the infection (Figure 6D). 

Based on the fact that IL-2Rγc
KO

 mice are deficient in IL-15 and therefore demonstrate 

reduced numbers of both NK and NKT cells, we next determined the susceptibility to OPC of 

IL-15Rα
KO

 mice, to either rule in or rule out these cell types. Repeated studies in these mice 

demonstrated complete resistance to OPC, strongly suggesting that neither NK nor NKT cells 

play a major role in the initial immune response to OPC (Figure 7A and 7B). However, there 

remained a distinct possibility that NK and NKT cells do play a role, but that compensatory 

responses in IL-15Rα
KO

 mice rendered them resistant. Therefore, we used a mouse model of 

upregulated NK cell number and cytolytic activity, but with severe immunosuppression 

otherwise (Prkdc
scid

). SCID mice were susceptible to OPC despite hyperactive NK cell activity, 

confirming the theory that production of IL-17 by NK and NKT cells is not responsible for 

buccal mucosa immune responses to C. albicans (Figures 7C and 7D). 

Given the fact that IL-17 secretion has been demonstrated in γδ T cells, and that these 

cells are a major factor in mucosal and cutaneous immune responses, we next examined the 

susceptibility of TCRγδ
KO 

mice in direct comparison with TCRαβ
KO 

mice. Our laboratory had 

previously published that TCRγδ
KO 

mice are not a major contributor to the immune response to 

OPC challenge (20), and our data in this study further confirmed that TCRγδ
KO 

mice exhibit 

variable susceptibility to OPC (Figures 8A and 8B). However, in the context of results generated 

from all other mouse models tested (Table 1), the variable susceptibility in these mice may not 

indicate a lack of role for γδ T cells in the initial response to OPC. Rather these data suggest that 

γδ T cells may act in concert with both the buccal mucosa and other immune cells, and that in the 

absence of γδ T cells only, compensatory responses exist that render the oral fungal burden in 

these mice either low or nonexistent. 

Taken together, all the susceptibility data generated from specific knockout mice suggests 

that the immune response to Candida albicans at the buccal mucosa surface is IL-17 driven, but 

that several different cell types are capable of inducing this response (Table 1). Our knockout 

data suggests that this response is a combination of contributions by lymphocytes, both γδ T cells 

and αβ T cells (likely Th17, which may facilitate late responses). Therefore in the absence of 
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either γδ T cells or αβ T cells (as in CD4 or CD8 mice), the immune system mounts a 

compensatory response to resist C. albicans challenge. 

Further studies of the molecular mechanisms by which the immune system orchestrates 

the response to OPC are warranted. Examination of the immune infiltrate present in both the 

tongue and the buccal mucosa would shed considerable light on which immune cells are found 

most frequently, and also which are producing IL-17. In addition, using antibodies to eliminate 

knockout multiple lineages of immune cells may help to determine the interplay between the 

different IL-17 producing subsets responsible for the response to OPC. It would also be useful to 

directly eliminate IL-17 from the oral cavity to confirm that the absence of this cytokine confers 

susceptibility to OPC. And finally, one cannot forget the contribution of the oral mucosa itself to 

resisting colonization and subsequent infection with C. albicans. Our laboratory is currently in 

the process of generating a K13-Cre mouse that would express Cre solely in the buccal mucosa 

and tongue, with minimal expression in the esophagus. These mice could then be used to 

generate buccal specific Cre-Lox-mediated deletions such as crossing the K13-Cre mouse with 

the stat3
fl/fl

 mouse (48) to specifically induce deletion of STAT3 in the buccal mucosa only. 

4.2 SALIVARY ENZYME FUNCTIONALITY DOES NOT DIFFER BETWEEN WT 

AND IL-23P19 KNOCKOUT MICE AND ARE THEREFORE UNLIKELY TO 

CONTRIBUTE TO HOST RESISTANCE TO CANDIDA ALBICANS 

Previous studies from our laboratory have shown that saliva taken from both IL-23
KO

 and IL-

17RA
KO 

mice has reduced ability to kill C. albicans ex vivo (Figure 4). We concurrently 

demonstrated that these mice also had decreased gene and protein expression of β-defensin 2, a 

major antimicrobial peptide that is active against C. albicans (20). A preliminary microarray in 

the submandibular gland of IL-23
KO

 mice further suggested that these mice might have defects in 

salivary enzyme production compared to WT, specifically in chitinase and α-amylase (data not 

shown). To determine whether the microarray findings manifested as a difference in functional 

activity of these enzymes, we developed fluorescent assays to measure chitinase and α-amylase 

activity directly from saliva harvested from these mice. 
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In contrast to the microarray data, which demonstrated large differences in the gene 

expression of chitinase and α-amylase between IL-23
KO 

and WT mice, our functional assays 

revealed no difference in the activity of these enzymes between IL-23
KO

, IL-17RC
KO 

and WT 

mice (data not shown and Figure 9). These data suggest that the concentration of these salivary 

enzymes does not affect the ability of murine saliva to kill C. albicans. Although this was the 

expected finding for α-amylase, for which the primary function is to begin the degradation 

process for carbohydrates, chitinase cleaves the polysaccharide chitin, a major component of 

fungal cell walls including C. albicans (64). The fact that the concentration of chitinase does not 

differ between IL-23
KO 

and WT mice suggests that the major contributors to the candidacidal 

activity of saliva are likely to be AMPs. This is further supported by the fact that C. albicans 

chitin is shielded on intact fungal cells by mannans, and removal or cleavage of these sugars 

would be required before chitinase activity would affect the amount of C. albicans killing (64). 

Future studies that examine the specific molecules responsible for the candidacidal activity of 

saliva would most likely produce meaningful results if they were to examine the concentration 

and activity of AMPs in the saliva of WT versus knockout mice as well as human HIES subjects. 

Possible candidates include β-defensins, calprotectins, histatins and other AMPs known to 

mediate killing of fungal pathogens. 

4.3 A STAT3 TRANSGENIC MOUSE CARRYING A DELETION OF V463 DOES 

NOT FULLY RECAPITULATE HUMAN HYPER IGE SYNDROME, BUT MAY 

PROVIDE A GOOD MODEL OF HIES-ASSOCIATED SKIN MANIFESTATIONS 

Due to variable clinical penetrance, as well as significant variability in STAT3 mutations, HIES 

patients present with a constellation of clinical manifestations that may or may not be present in 

any individual patient. However, 100% of patients suffer from eczema and 97% exhibit elevated 

IgE levels, making these the most common features of HIES (32). Other common manifestations, 

including mucocutaneous candidiasis (recurrent OPC), recurrent pneumonias and skin infections, 

and characteristic facial features, are present in greater than 80% of patients, but are by no means 

definitively present (32). 
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The transgenic mouse model of HIES described in this study harbored a common human 

mutation by way of a deletion of the Valine at position 463 along with a partial deletion of the 

adjacent intron. Although HIES patients with mutations at this site develop both eczema and 

mucocutaneous candidiasis (36, 57), the mouse model only partially recapitulates the human 

condition. This may be due to the fact that HIES patients only express one WT allele of STAT3, 

while the transgenic mice still express two endogenous WT alleles of STAT3. Therefore, despite 

the presence of multiple copies of the mutant STAT3 transgene on the X chromosome, the 

endogenous STAT3 concentration of our HIES mice may be higher than that found in HIES 

patients, and therefore the transgene mutation may not achieve a dominant negative effect 

whereby STAT3 activity is abrogated by greater than 50%. Increased endogenous STAT3 

homodimer formation could explain the variability in Th17 differentiation present in these mice 

(Figure 10D), and may also explain the difference in clinical manifestations between the mouse 

model and human HIES patients. 

However, despite the fact that these mice are able to resist challenge with C. albicans at 

the oral mucosa, they do exhibit a constellation of skin findings associated with decreased 

STAT3 activity, including eczematous rash, delayed wound healing and abnormal secondary hair 

growth (Figure 11). Further study regarding the susceptibility of these mice to both cutaneous C. 

albicans infections as well as Staphylococcal cold abscesses is necessary to determine whether 

the skin changes described in this study affect the susceptibility of these mice to infection. Even 

if this mouse model does not show increased susceptibility to skin infections, it may still be a 

good model for study of eczema in the context of STAT3 deficiency, since HIES mice develop 

both gross lesions as well as histological changes associated with eczema. Further study is 

needed to fully characterize the eczematous changes found in the skin of these mice and to 

identify the immune cell infiltrate in the dermis. 

To develop a mouse model of HIES that is susceptible to OPC, similar to HIES patients, 

the transgenic approach explained in this study could be used to generate mice with other 

common STAT3 mutations, such as mutations at R382 or V637, which may display a different 

clinical phenotype than the mice described here. A gene knock-in strategy using a targeted 

insertion of a mutated gene product into one STAT3 allele is also a potentially robust model that 

could circumvent the endogenous WT STAT3 expression seen in the HIES transgenic mouse 

model. Used in conjunction with the specific immune system knockout data generated in this 



 41 

study (Sections 3.1 and 4.1), a STAT3 model of HIES may help to elicit the specific cell type 

responsible for IL-17 secretion, or provide insight into new therapeutic targets for OPC treatment 

and prevention rather than prophylactic antifungals.  



 42 

BIBLIOGRAPHY 

1. Weaver, C.T., Hatton, R.D., Mangan, P.R., and Harrington, L.E. 2007. IL-17 Family Cytokines and 
the Expanding Diversity of Effector T Cell Lineages. Annual Review of Immunology 25:821-
852. 

 
2. Coffman, R.L. 2006. Origins of the TH1-TH2 model: a personal perspective. Nat Immunol 7:539-

541. 

 
3. Das, J., Ren, G., Zhang, L., Roberts, A.I., Zhao, X., Bothwell, A.L.M., Van Kaer, L., Shi, Y., and Das, G. 

2009. Transforming growth factor β is dispensable for the molecular orchestration of Th17 
cell differentiation. The Journal of Experimental Medicine 206:2407-2416. 

 
4. Egwuagu, C.E. 2009. STAT3 in CD4+ T helper cell differentiation and inflammatory diseases. 

Cytokine 47:149-156. 

 
5. Wei, L., Laurence, A., Elias, K.M., and O'Shea, J.J. 2007. IL-21 Is Produced by Th17 Cells and Drives 

IL-17 Production in a STAT3-dependent Manner. Journal of Biological Chemistry 282:34605-
34610. 

 
6. Liang, S.C., Tan, X.-Y., Luxenberg, D.P., Karim, R., Dunussi-Joannopoulos, K., Collins, M., and Fouser, 

L.A. 2006. Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively 
enhance expression of antimicrobial peptides. The Journal of Experimental Medicine 
203:2271-2279. 

 
7. Khader, S.A., Gaffen, S.L., and Kolls, J.K. 2009. Th17 cells at the crossroads of innate and adaptive 

immunity against infectious diseases at the mucosa. Mucosal Immunol 2:403-411. 

 
8. Martin, B., Hirota, K., Cua, D.J., Stockinger, B., and Veldhoen, M. 2009. Interleukin-17-Producing 

[gamma][delta] T Cells Selectively Expand in Response to Pathogen Products and 
Environmental Signals. Immunity 31:321-330. 

 



 43 

9. Tanaka, S., Yoshimoto, T., Naka, T., Nakae, S., Iwakura, Y.-i., Cua, D., and Kubo, M. 2009. Natural 
Occurring IL-17 Producing T Cells Regulate the Initial Phase of Neutrophil Mediated Airway 
Responses. J Immunol 183:7523-7530. 

 
10. Xu, S., and Cao, X. 2010. Interleukin-17 and its expanding biological functions. Cell Mol Immunol 

7:164-174. 

 
11. Marks, B.R., Nowyhed, H.N., Choi, J.-Y., Poholek, A.C., Odegard, J.M., Flavell, R.A., and Craft, J. 

2009. Thymic self-reactivity selects natural interleukin 17-producing T cells that can 
regulate peripheral inflammation. Nat Immunol 10:1125-1132. 

 
12. Cua, D.J., and Tato, C.M. 2010. Innate IL-17-producing cells: the sentinels of the immune system. 

Nat Rev Immunol 10:479-489. 

 
13. Epstein, J.B., and Polsky, B. 1998. Oropharyngeal candidiasis: a review of its clinical spectrum 

and current therapies. Clinical Therapeutics 20:40-57. 

 
14. Saunus, J.M., Kazoullis, A., and Farah, C.F. 2008. Cellular and molecular mechanisms of resistance 

to oral Candida albicans infections. Front Biosci 1:5345-5358. 

 
15. Rex, John H., Walsh, Thomas J., Sobel, Jack D., Filler, Scott G., Pappas, Peter G., Dismukes, 

William E., and Edwards, John E. 2000. Practice Guidelines for the Treatment of Candidiasis. 
Clinical Infectious Diseases 30:662-678. 

 
16. Puel, A., Cypowyj, S., Bustamante, J., Wright, J.F., Liu, L., Lim, H.K., Migaud, M., Israel, L., Chrabieh, 

M., Audry, M., Gumbleton, M., Toulon, A., Bodemer, C., El-Baghdadi, J., Whitters, M., Paradis, 
T., Brooks, J., Collins, M., Wolfman, N.M., Al-Muhsen, S., Galicchio, M., Abel, L., Picard, C., and 
Casanova, J.-L. 2011. Chronic Mucocutaneous Candidiasis in Humans with Inborn Errors of 
Interleukin-17 Immunity. Science 332:65-68. 

 
17. de Repentigny, L., Lewandowski, D., and Jolicoeur, P. 2004. Immunopathogenesis of 

Oropharyngeal Candidiasis in Human Immunodeficiency Virus Infection. Clin. Microbiol. Rev. 
17:729-759. 

 
18. Dongari-Bagtzoglou, A., and Fidel, P.L., Jr. 2005. The Host Cytokine Responses and Protective 

Immunity in Oropharyngeal Candidiasis. Journal of Dental Research 84:966-977. 

 
19. Huang, W., Na, L., Fidel, Paul L., and Schwarzenberger, P. 2004. Requirement of Interleukin‐17A 

for Systemic Anti–Candida albicans Host Defense in Mice. The Journal of Infectious Diseases 
190:624-631. 



 44 

 
20. Conti, H.R., Shen, F., Nayyar, N., Stocum, E., Sun, J.N., Lindemann, M.J., Ho, A.W., Hai, J.H., Yu, J.J., 

Jung, J.W., Filler, S.G., Masso-Welch, P., Edgerton, M., and Gaffen, S.L. 2009. Th17 cells and IL-
17 receptor signaling are essential for mucosal host defense against oral candidiasis. The 
Journal of Experimental Medicine 206:299-311. 

 
21. Ferwerda, B., Ferwerda, G., Plantinga, T.S., Willment, J.A., van Spriel, A.B., Venselaar, H., Elbers, 

C.C., Johnson, M.D., Cambi, A., Huysamen, C., Jacobs, L., Jansen, T., Verheijen, K., Masthoff, L., 
Morré, S.A., Vriend, G., Williams, D.L., Perfect, J.R., Joosten, L.A.B., Wijmenga, C., van der 
Meer, J.W.M., Adema, G.J., Kullberg, B.J., Brown, G.D., and Netea, M.G. 2009. Human Dectin-1 
Deficiency and Mucocutaneous Fungal Infections. New England Journal of Medicine 
361:1760-1767. 

 
22. Farah, C.S., Hu, Y., Riminton, S., and Ashman, R.B. 2006. Distinct roles for interleukin-12p40 and 

tumour necrosis factor in resistance to oral candidiasis defined by gene-targeting. Oral 
Microbiology and Immunology 21:252-255. 

 
23. Lyakh, L., Trinchieri, G., Provezza, L., Carra, G., and Gerosa, F. 2008. Regulation of interleukin-

12/interleukin-23 production and the T-helper 17 response in humans. Immunological 
Reviews 226:112-131. 

 
24. Kamai, Y., Kubota, M., Kamai, Y., Hosokawa, T., Fukuoka, T., and Filler, S.G. 2001. New Model of 

Oropharyngeal Candidiasis in Mice. Antimicrob. Agents Chemother. 45:3195-3197. 

 
25. Hise, A.G., Tomalka, J., Ganesan, S., Patel, K., Hall, B.A., Brown, G.D., and Fitzgerald, K.A. 2009. An 

Essential Role for the NLRP3 Inflammasome in Host Defense against the Human Fungal 
Pathogen Candida albicans. Cell Host & Microbe 5:487-497. 

 
26. Marks, B.R., and Craft, J. 2009. Barrier immunity and IL-17. Seminars in Immunology 21:164-171. 

 
27. van de Veerdonk, F.L., Marijnissen, R.J., Kullberg, B.J., Koenen, H.J.P.M., Cheng, S.-C., Joosten, I., 

van den Berg, W.B., Williams, D.L., van der Meer, J.W.M., Joosten, L.A.B., and Netea, M.G. 
2009. The Macrophage Mannose Receptor Induces IL-17 in Response to Candida albicans. 
Cell Host & Microbe 5:329-340. 

 
28. Robinson, M.J., Osorio, F., Rosas, M., Freitas, R.P., Schweighoffer, E., Groß, O., Verbeek, J.S., 

Ruland, J., Tybulewicz, V., Brown, G.D., Moita, L.F., Taylor, P.R., and Reis e Sousa, C. 2009. 
Dectin-2 is a Syk-coupled pattern recognition receptor crucial for Th17 responses to fungal 
infection. The Journal of Experimental Medicine 206:2037-2051. 

 



 45 

29. Acosta-Rodriguez, E.V., Rivino, L., Geginat, J., Jarrossay, D., Gattorno, M., Lanzavecchia, A., 
Sallusto, F., and Napolitani, G. 2007. Surface phenotype and antigenic specificity of human 
interleukin 17-producing T helper memory cells. Nat Immunol 8:639-646. 

 
30. Aujla, S.J., Chan, Y.R., Zheng, M., Fei, M., Askew, D.J., Pociask, D.A., Reinhart, T.A., McAllister, F., 

Edeal, J., Gaus, K., Husain, S., Kreindler, J.L., Dubin, P.J., Pilewski, J.M., Myerburg, M.M., Mason, 
C.A., Iwakura, Y., and Kolls, J.K. 2008. IL-22 mediates mucosal host defense against Gram-
negative bacterial pneumonia. Nat Med 14:275-281. 

 
31. Kao, C.-Y., Chen, Y., Thai, P., Wachi, S., Huang, F., Kim, C., Harper, R.W., and Wu, R. 2004. IL-17 

Markedly Up-Regulates {beta}-Defensin-2 Expression in Human Airway Epithelium via JAK 
and NF-{kappa}B Signaling Pathways. J Immunol 173:3482-3491. 

 
32. Freeman, A.F., and Holland, S.M. 2008. The Hyper-IgE Syndromes. Immunology and Allergy 

Clinics of North America 28:277-291. 

 
33. Grimbacher, B., Holland, S.M., Gallin, J.I., Greenberg, F., Hill, S.C., Malech, H.L., Miller, J.A., 

O'Connell, A.C., and Puck, J.M. 1999. Hyper-IgE Syndrome with Recurrent Infections — An 
Autosomal Dominant Multisystem Disorder. New England Journal of Medicine 340:692-702. 

 
34. Milner, J.D., Brenchley, J.M., Laurence, A., Freeman, A.F., Hill, B.J., Elias, K.M., Kanno, Y., Spalding, 

C., Elloumi, H.Z., Paulson, M.L., Davis, J., Hsu, A., Asher, A.I., O/'Shea, J., Holland, S.M., Paul, 
W.E., and Douek, D.C. 2008. Impaired TH17 cell differentiation in subjects with autosomal 
dominant hyper-IgE syndrome. Nature 452:773-776. 

 
35. Ma, C.S., Chew, G.Y.J., Simpson, N., Priyadarshi, A., Wong, M., Grimbacher, B., Fulcher, D.A., 

Tangye, S.G., and Cook, M.C. 2008. Deficiency of Th17 cells in hyper IgE syndrome due to 
mutations in STAT3. The Journal of Experimental Medicine 205:1551-1557. 

 
36. Renner, E.D., Rylaarsdam, S., Anover-Sombke, S., Rack, A.L., Reichenbach, J., Carey, J.C., Zhu, Q., 

Jansson, A.F., Barboza, J., Schimke, L.F., Leppert, M.F., Getz, M.M., Seger, R.A., Hill, H.R., 
Belohradsky, B.H., Torgerson, T.R., and Ochs, H.D. 2008. Novel signal transducer and 
activator of transcription 3 (STAT3) mutations, reduced TH17 cell numbers, and variably 
defective STAT3 phosphorylation in hyper-IgE syndrome. Journal of Allergy and Clinical 
Immunology 122:181-187. 

 
37. Minegishi, Y., Saito, M., Morio, T., Watanabe, K., Agematsu, K., Tsuchiya, S., Takada, H., Hara, T., 

Kawamura, N., Ariga, T., Kaneko, H., Kondo, N., Tsuge, I., Yachie, A., Sakiyama, Y., Iwata, T., 
Bessho, F., Ohishi, T., Joh, K., Imai, K., Kogawa, K., Shinohara, M., Fujieda, M., Wakiguchi, H., 
Pasic, S., Abinun, M., Ochs, H.D., Renner, E.D., Jansson, A., Belohradsky, B.H., Metin, A., 
Shimizu, N., Mizutani, S., Miyawaki, T., Nonoyama, S., and Karasuyama, H. 2006. Human 



 46 

Tyrosine Kinase 2 Deficiency Reveals Its Requisite Roles in Multiple Cytokine Signals 
Involved in Innate and Acquired Immunity. Immunity 25:745-755. 

 
38. Woellner, C., Schäffer, A.A., Puck, J.M., Renner, E.D., Knebel, C., Holland, Steve M., Plebani, A., and 

Grimbacher, B. 2007. The Hyper IgE Syndrome and Mutations in TYK2. Immunity 26:535-
535. 

 
39. Glocker, E.-O., Hennigs, A., Nabavi, M., Schäffer, A.A., Woellner, C., Salzer, U., Pfeifer, D., Veelken, 

H., Warnatz, K., Tahami, F., Jamal, S., Manguiat, A., Rezaei, N., Amirzargar, A.A., Plebani, A., 
Hannesschläger, N., Gross, O., Ruland, J., and Grimbacher, B. 2009. A Homozygous CARD9 
Mutation in a Family with Susceptibility to Fungal Infections. New England Journal of 
Medicine 361:1727-1735. 

 
40. Dawes, C. 2008. Salivary flow patterns and the health of hard and soft oral tissues. J Am Dent 

Assoc 139:18S-24. 

 
41. Guggenheimer, J., and Moore, P.A. 2003. Xerostomia: Etiology, recognition and treatment. J Am 

Dent Assoc 134:61-69. 

 
42. Margaix-Munox, M., Bagan, J.V., Poveda, R., Jimenez, Y., and Sarrion, G. 2009. Sjogren's syndrome 

of the oral cavity. Review and update. Med. Oral Patol. Oral Cir. Bucal. 14:E325-330. 

 
43. Abiko, Y., Saitoh, M., Nishimura, M., Yamazaki, M., Sawamura, D., and Kaku, T. 2007. Role of β-

defensins in oral epithelial health and disease. Medical Molecular Morphology 40:179-184. 

 
44. Conti, H.R., Baker, O., Freeman, A.F., Jang, W.S., Holland, S.M., Li, R.A., Edgerton, M., and Gaffen, 

S.L. 2011. New mechanism of oral immunity to mucosal candidiasis in hyper-IgE syndrome. 
Mucosal Immunol 4:448-455. 

 
45. Sharma, R., Deshmukh, U.S., Zheng, L., Fu, S.M., and Ju, S.-T. 2009. X-linked Foxp3 (Scurfy) 

Mutation Dominantly Inhibits Submandibular Gland Development and Inflammation 
Respectively through Adaptive and Innate Immune Mechanisms. J Immunol 183:3212-3218. 

 
46. Effros, R.M., Peterson, B., Casaburi, R., Su, J., Dunning, M., Torday, J., Biller, J., and Shaker, R. 2005. 

Epithelial lining fluid solute concentrations in chronic obstructive lung disease patients and 
normal subjects. J Appl Physiol 99:1286-1292. 

 
47. Takeda, K., Noguchi, K., Shi, W., Tanaka, T., Matsumoto, M., Yoshida, N., Kishimoto, T., and Akira, 

S. 1997. Targeted disruption of the mouse Stat3 gene leads to early embryonic lethality. 



 47 

Proceedings of the National Academy of Sciences of the United States of America 94:3801-
3804. 

 
48. Raz, R., Lee, C.-K., Cannizzaro, L.A., d’Eustachio, P., and Levy, D.E. 1999. Essential role of STAT3 

for embryonic stem cell pluripotency. Proceedings of the National Academy of Sciences of the 
United States of America 96:2846-2851. 

 
49. Levy, D.E., and Loomis, C.A. 2007. STAT3 Signaling and the Hyper-IgE Syndrome. N Engl J Med 

357:1655-1658. 

 
50. Kawamura, T., Koka, R., Ma, A., and Kumar, V. 2003. Differential Roles for IL-15R α-Chain in NK 

Cell Development and Ly-49 Induction. The Journal of Immunology 171:5085-5090. 

 
51. Wu, Z., Xue, H.-H., Bernard, J., Zeng, R., Issakov, D., Bollenbacher-Reilley, J., Belyakov, I.M., Oh, S., 

Berzofsky, J.A., and Leonard, W.J. 2008. The IL-15 receptor α chain cytoplasmic domain is 
critical for normal IL-15Rα function but is not required for trans-presentation. Blood 
112:4411-4419. 

 
52. Mortier, E., Advincula, R., Kim, L., Chmura, S., Barrera, J., Reizis, B., Malynn, B.A., and Ma, A. 2009. 

Macrophage- and Dendritic-Cell-Derived Interleukin-15 Receptor Alpha Supports 
Homeostasis of Distinct CD8+ T Cell Subsets. Immunity 31:811-822. 

 
53. Christianson, S.W., Greiner, D.L., Schweitzer, I.B., Gott, B., Beamer, G.L., Schweitzer, P.A., 

Hesselton, R.M., and Shultz, L.D. 1996. Role of Natural Killer Cells on Engraftment of Human 
Lymphoid Cells and on Metastasis of Human T-Lymphoblastoid Leukemia Cells in 
C57BL/6J-scidMice and in C57BL/6J-scid bgMice. Cellular Immunology 171:186-199. 

 
54. Nguyen, C., Sharma, A., Lee, B.H., She, J.-X., McIndoe, R., and Peck, A. 2009. Differential gene 

expression in the salivary gland during development and onset of xerostomia in Sjogren's 
syndrome-like disease of the C57BL/6.NOD-Aec1Aec2 mouse. Arthritis Research & Therapy 
11:R56. 

 
55. Delaleu, N., Immervoll, H., Cornelius, J., and Jonsson, R. 2008. Biomarker profiles in serum and 

saliva of experimental Sjogren's syndrome: associations with specific autoimmune 
manifestations. Arthritis Research & Therapy 10:R22. 

 
56. Minegishi, Y., Saito, M., Tsuchiya, S., Tsuge, I., Takada, H., Hara, T., Kawamura, N., Ariga, T., Pasic, 

S., Stojkovic, O., Metin, A., and Karasuyama, H. 2007. Dominant-negative mutations in the 
DNA-binding domain of STAT3 cause hyper-IgE syndrome. Nature 448:1058-1062. 

 



 48 

57. Jiao, H., Tóth, B., Erdos, M., Fransson, I., Rákóczi, É., Balogh, I., Magyarics, Z., Dérfalvi, B., Csorba, 
G., Szaflarska, A., Megarbane, A., Akatcherian, C., Dbaibo, G., Rajnavölgyi, É., Hammarström, 
L., Kere, J., Lefranc, G., and Maródi, L. 2008. Novel and recurrent STAT3 mutations in hyper-
IgE syndrome patients from different ethnic groups. Molecular Immunology 46:202-206. 

 
58. Levy, D.E., and Darnell, J.E. 2002. STATs: transcriptional control and biological impact. Nat Rev 

Mol Cell Biol 3:651-662. 

 
59. Saijo, S., Ikeda, S., Yamabe, K., Kakuta, S., Ishigame, H., Akitsu, A., Fujikado, N., Kusaka, T., Kubo, 

S., Chung, S.H., Komatsu, R., Miura, N., Adachi, Y., Ohno, N., Shibuya, K., Yamamoto, N., 
Kawakami, K., Yamasaki, S., Saito, T., Akira, S., and Iwakura, Y. 2010. Dectin-2 recognition of 
alpha-mannans and induction of Th17 cell differentiation is essential for host defense 
against Candida albicans. Immunity 32:681-691. 

 
60. Rudner, X.L., Happel, K.I., Young, E.A., and Shellito, J.E. 2007. Interleukin-23 (IL-23)-IL-17 

Cytokine Axis in Murine Pneumocystis carinii Infection. Infect. Immun. 75:3055-3061. 

 
61. Werner, J.L., Metz, A.E., Horn, D., Schoeb, T.R., Hewitt, M.M., Schwiebert, L.M., Faro-Trindade, I., 

Brown, G.D., and Steele, C. 2009. Requisite Role for the Dectin-1 β-Glucan Receptor in 
Pulmonary Defense against Aspergillus fumigatus. The Journal of Immunology 182:4938-
4946. 

 
62. Zelante, T., De Luca, A., Bonifazi, P., Montagnoli, C., Bozza, S., Moretti, S., Belladonna, M.L., Vacca, 

C., Conte, C., Mosci, P., Bistoni, F., Puccetti, P., Kastelein, R.A., Kopf, M., and Romani, L. 2007. 
IL-23 and the Th17 pathway promote inflammation and impair antifungal immune 
resistance. European Journal of Immunology 37:2695-2706. 

 
63. Ho, A.W., Shen, F., Conti, H.R., Patel, N., Childs, E.E., Peterson, A.C., Hernández-Santos, N., Kolls, 

J.K., Kane, L.P., Ouyang, W., and Gaffen, S.L. 2010. IL-17RC Is Required for Immune Signaling 
via an Extended SEF/IL-17R Signaling Domain in the Cytoplasmic Tail. The Journal of 
Immunology 185:1063-1070. 

 
64. Lenardon, M.D., Munro, C.A., and Gow, N.A.R. 2010. Chitin synthesis and fungal pathogenesis. 

Current Opinion in Microbiology 13:416-423. 

 

 

 


	TITLE PAGE
	COMMITTEE MEMBERSHIP PAGE
	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	1: Summary Table of OPC Susceptibility in Mouse Models of Immunodeficiency

	LIST OF FIGURES
	1: JAK/STAT3 signaling pathway mediates differentiation of Th17 cells
	2: IL-23KO mice show increased susceptibility to OPC compared to IL-12KO mice
	3: Putative immune response to oral challenge with Candida albicans
	4: Saliva from IL-23KO and IL-17RAKO mice, and AD-HIES patients shows reduced candidacidal activity compared to healthy controls
	5: Although CD4(stat3KO) mice resist OPC, RORγtKO mice are strikingly susceptible
	6: IL-2RγcKO mice succumb to oral infection with C. albicans while mice deficient in solely CD4 or CD8 are able to completely resist infection
	7: IL-15KO mice completely resist OPC despite a complete lack of NK cells, while SCID mice develop overt disease with hyperactive NK cells
	8: TCRγδKO mice are only partially susceptible to OPC while TCRαβKO mice are resistant
	9: Salivary α-amylase and chitinase levels in IL-23KO and IL-17RAKO mice are similar to WT
	10: A mouse model of HIES demonstrates a partial defect in Th17 differentiation in vitro
	11: HIES mice are resistant to oropharyngeal candidiasis but demonstrate skin findings similar to both HIES patients and mouse models of STAT3 deficiency

	PREFACE
	ACKNOWLEDGEMENTS
	ABBREVIATIONS USED IN THIS DOCUMENT

	1.0  INTRODUCTION
	1.1 THE TH17 LINEAGE AND THE ROLE OF STAT3 IN TH17 DIFFERENTIATION
	1.2 THE IMMUNE RESPONSE TO OROPHARYNGEAL CANDIDIASIS
	1.2.1 A Brief Overview of Candida albicans Physiology and Pathogenesis
	1.2.2 The Role of Th17 Cells and IL-17 in the Immune Response to Oral Candidiasis

	1.3 PRIMARY IMMUNODEFICIENCIES AND OPC: HYPER-IGE SYNDROME
	1.4 SALIVARY CONTRIBUTION TO ORAL MUCOSAL IMMUNITY

	2.0  RESEARCH DESIGN AND METHODS
	2.1 MICE
	2.2 ORAL INFECTION WITH CANDIDA ALBICANS
	2.3 COLLECTION AND ANALYSIS OF MURINE SALIVA
	2.4 GENERATION OF STAT3-TRANSGENIC (HIES) MICE
	2.5 T HELPER CELL DIFFERENTIATION AND FLOW CYTOMETRY

	3.0  RESULTS
	3.1 IL-17 PRODUCTION IN RESPONSE TO ORAL CHALLENGE BY CANDIDA ALBICANS IS MULTIFACTORIAL, BUT CRUCIAL FOR IMMUNE RESISTANCE
	3.1.1 Although CD4-specific STAT3 Deficient Mice Are Not Susceptible to OPC, RORγtKO Mice Develop Disease
	3.1.2  Sole Deficiency in CD4 or CD8 T cells Is Not Sufficient to Confer Susceptibility to OPC, but Loss of the Entire Lymphocyte Lineage Causes Profound OPC
	3.1.3  Deficiency in Natural Killer and Natural Killer T Cells Does Not Affect the Immune Response to Oral C. albicans Challenge
	3.1.4 The γδ T Cell Compartment is Not the Primary Source of IL-17 in the Immune Response to Oral Challenge with C. albicans

	3.2 AMYLASE AND CHITINASE CONCENTRATIONS DO NOT CONTRIBUTE TO CANDIDACIDAL ACTIVITY OF SALIVA
	3.3 TRANSGENIC MOUSE MODEL OF HIES DEMONSTRATES CLINICAL FEATURES OF HIES, BUT NOT OROPHARYNGEAL CANDIDIASIS
	3.3.1 Mouse Model of Hyper-IgE Syndrome Demonstrates Reduced Th17 Differentiation in vitro
	3.3.2 HIES Mice Develop Eczematous Lesions Despite Demonstrating Resistance to Oropharyngeal Candidiasis


	4.0  CONCLUSIONS
	4.1 IL-17 SECRETION IS ESSENTIAL FOR HOST RESPONSE TO C. ALBICANS AND IS THEREFORE SECRETED BY MULTIPLE CELL TYPES
	4.2 SALIVARY ENZYME FUNCTIONALITY DOES NOT DIFFER BETWEEN WT AND IL-23P19 KNOCKOUT MICE AND ARE THEREFORE UNLIKELY TO CONTRIBUTE TO HOST RESISTANCE TO cANDIDA ALBICANS
	4.3 A STAT3 TRANSGENIC MOUSE CARRYING A DELETION OF V463 DOES NOT FULLY RECAPITULATE HUMAN HYPER IGE SYNDROME, BUT MAY PROVIDE A GOOD MODEL OF HIES-ASSOCIATED SKIN MANIFESTATIONS

	BIBLIOGRAPHY

