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Abstract:  

T helper 17 (Th17) cells are key regulators of immunity and inflammation at mucosal surfaces. 

This T cell subset has been reported to mediate protective responses, but also immunopathology 

at the oral cavity. However, the requirements for Th17 cells to arise at this site remained minimally 

explored. Our initial objective was to examine the role of oral microbial communities in local Th17 

induction, as the development of these cells had been shown to be determined by commensal 

bacteria at other barriers. To this end, we established assays to analyze the murine oral microbiome 

and found that Th17 accumulation occurred independently from microbial colonization at the oral 

mucosa, underlining the unique properties of each tissue barrier. Th17 cells are relevant mediators 

in mucosal defense against extracellular bacteria and fungi. Yet, their role in shaping human 

microbial communities at the oral barrier was not well-understood. To appreciate how Th17 

immunity affects the oral microbiome establishment, we performed studies in a patient cohort with 

Autosomal-Dominant Hyper IgE Syndrome (AD-HIES) that exhibits impaired Th17 

differentiation due to loss-of-function mutations in the transcription factor STAT3. We confirmed 

that AD-HIES patients display a significant susceptibility to oral fungal infections. Our 



  

characterization of their mycobiome during active candidiasis revealed a dominance of Candida 

albicans, alongside a generalized depletion of health-associated bacteria with the exception of 

Streptococcus, which were overrepresented. These results demonstrate the critical role of Th17 

immunity in the containment of C. albicans as a commensal and suggest a synergistic relationship 

of C. albicans with streptococci, that may influence oral disease susceptibility. Finally, to 

understand the effects of excessive Th-17/IL-17 inflammatory responses on oral microbial 

communities, we evaluated patients with Leukocyte Adhesion Deficiency type-I (LAD-I), that 

present with severe periodontitis driven by IL-17 mediated immunopathology. Our findings 

revealed that exaggerated IL-17 responses are linked to dysbiosis of subgingival communities. 

Additionally, IL-23/IL-17 blockade treatment of an LAD-I patient demonstrated reversal of 

microbial shifts with immune-modulation, suggesting a causative role for IL-17 responses in LAD-

associated microbial dysbiosis. In sum, our studies reveal critical roles for the IL-17/Th17 

responses in establishment of the oral bacteriome/mycobiome in health and disease.  
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CHAPTER I: Introduction 

IL-17; overview and role in oral immunity and microbiome 

 

IL-17 Cytokine and its Signaling  

Interleukin-17 (IL-17) is a multifaceted cytokine with diverse roles both in immune-

protection and also immunopathology. IL-17 has a well-recognized role in immune 

surveillance at mucosal and barrier surfaces [1, 2] but also has been increasingly implicated 

as a driver of immunopathology in settings of autoimmunity and chronic inflammation [3]. 

The current review introduces basic aspects of IL-17 biology and examines the protective 

and pathogenic roles of IL-17 with a focus on oral mucosal immunity and inflammation. 

Specific emphasis is given to the role of the IL-17 response as a catalyst in shaping the 

microbiome at the oral barrier.  

IL-17 is formally called ‘IL-17A’, but is usually referred to as IL-17 since it was the first 

described member of the IL-17 family [4]. To date, the IL-17 family includes six members 

(from IL-17A to IL-17F) that share sequence homology [5]. IL-17A and IL-17F exhibit 

high sequence similarity and can form homodimers and heterodimers to signal [1]. In fact, 

IL-17A and IL-17F signal through the same receptor complex (known as ‘IL-17R’, an 

heterodimer of IL-17RA and IL-17RC subunits) [6] and largely share biological functions 

[1]. The IL-17 receptor family has additional members namely IL-17 RB, IL-17RC, IL-

17RD and IL-17RE. All IL-17 receptor subunits are structurally similar, consisting of an 

outer membrane fibronectin III-like domain, a conserved cytoplasmic SEF/IL-17R 

(SEFIR) domain and a distal activation domain (CBAD) [3]. The SEFIR domain exhibits 



 2 

sequence homology with the Toll/IL-1R domain [7], suggesting commonalities between 

IL-17 and TLR signaling cascades. Engagement of IL-17 (IL-17A, IL-17F and IL-17A/F) 

to the IL-17R heterodimeric complex, leads to the association of the adaptor protein Act1 

(previously named CIKS) through the SEFIR domain [8].  Act1 recruits the TNFR-

associated factor (TRAF) 6 that is poly-ubiquitinated by Act1 via its E3 ligase activity [9], 

triggering the activation of the canonical nuclear factor kB (NF-kB) pathway and some 

components of the mitogen- activated protein kinase (MAPK) pathways, namely JUN N-

terminal kinase (JNK), extracellular signal-regulated kinase (ERK) and p38 [10, 11]. 

Additionally, IL-17 signaling can activate members of the CCAAT/enhancer-binding 

protein (C/EBP) family of transcription factors that are critical for the expression of certain 

target genes [11]. mRNA stabilization events are also involved in the regulation of the IL-

17 signaling pathway. Important for mRNA stabilization is the formation of the 

TRAF2/TRAF5 complex and recruitment of HuR and ASF/SF2, which stabilize mRNA 

transcript targets [12-14] (Figure 1.1).  
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Figure 1.1. Overview of IL-17 signaling. Diagram depicts the structure of the IL-17 
receptor, the downstream intracellular activation cascade and its target pathways. 

 

Moreover, there are other regulators of IL-17 signaling pathway that act at different levels. 

The adaptor protein TRAF3 has the ability to inhibit the association of the IL-17R with 

Act1 and TRAF4 interferes with the Act1 and TRAF6 interaction, inhibiting downstream 

signal transduction [15, 16]. Act1 is stabilized by the chaperone Hsp90 that prevents its 

targeting for proteasomal degradation by the negative regulator βTrCP E3 ligase complex 

[17, 18]. Deubiquitinating enzymes (DUB) are also important negative regulators of this 

pathway. The DUB A20 removes ubiquitination residues on TRAF6 suppressing activation 
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of NF-kB and MAPK signaling; likewise, the DUB USP25 negatively regulates IL-17 

signaling by targeting both TRAF5 and TRAF6 [19]. MicroRNAs (miRNAs) have also 

been implicated as negative regulators of IL-17, miR-23b targets the kinases TAB2, TAB3 

and IKKα, all of which are integral to the NF-kB pathway [20]. Additionally, the CBAD 

domain of the IL-17RA subunit participates in inhibitory events for IL-17 signaling, such 

as coordinating phosphorylation of C/EBPβ and associating with the DUB A20 [21]. 

Lastly, it has been recently shown that the signaling molecule MCPIP1 (also known as 

Regnase-1), acts as a negative regulator of IL-17-induced genes, degrading mRNA of 

cytokines (Il6) and promoters needed for other gene targets [22].   

In sum, the IL-17 signaling cascade is complex, involving multiple pathways and levels of 

regulation that continue to be interrogated, expanding knowledge in the IL-17 field. 

 

Cellular Sources of IL-17 

IL-17 is primarily secreted by a distinct CD4+ T cell subset, known as T helper 17 cells 

(Th17), named after their signature cytokine [23]. Th17 cells in different contexts can also 

produce other cytokines such as IL-17F, IL-21, IL-22 and granulocyte-macrophage colony-

stimulating factor (GM-CSF), at varying expression levels [24-26]. Typically, the 

differentiation of naïve CD4+ T cells towards an effector subset necessitates antigen 

engagement through the T cell receptor (TCR) and depends on the surrounding cytokine 

milieu. Differentiation of murine Th17 cells has been shown to be dependent on 

transforming growth factor β (TGF-β) and IL-6 [27-29], whereas human Th17 cells can be 

induced in the presence of TGF-β, IL-1β, IL-6 and IL-23 [30-32]. However, human and 

murine Th17 cells have also been shown to be generated independently of TGF-β [33], 
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suggesting that presence or absence of TGF-β during differentiation may determine distinct 

functional profiles of Th17 cells [30, 32].  

IL-21 also has the ability to drive Th17 differentiation in conjunction with TGF-β [25], and 

is proposed as an amplification signal for differentiation since IL-21 production from Th17 

cells leads to increased IL-23R expression. This is important because IL-23 is critical for 

stabilization and maintenance of the Th17 phenotype and IL-23R is not typically expressed 

on naïve T cells. [34] [35].  

A critical step in the differentiation of Th17 cells is the activation of the signal transducer 

and activator of transcription 3 (STAT3) [36]. Upon binding of the Type I cytokines IL-6, 

IL-21 and IL-23 to their receptors, Janus kinases (Jaks) phosphorylate the receptors, 

leading to the recruitment and phosphorylation of STAT3, which dimerizes and then 

translocates to the nucleus to enhance the expression of target genes [37]. Then, STAT3 

induces the expression of the transcription factor orphan nuclear receptor ROR-γt, which 

is recognized as the Th17 lineage-specific master regulator [38]. Transcription factors 

BAFT and IRF4 cooperate with STAT3 to initiate the Th17 differentiation program [39]. 

High throughput transcriptional network analyses have revealed that Th17 cell 

development is tightly controlled by 22 genes that act as positive regulators and a module 

of 5 genes that are negative regulators of differentiation, illustrating the complexity of the 

Th17 cell developmental program [40]. After differentiation, Th17 cells are able to produce 

type 17 cytokines and express the CC chemokine receptor 6 (CCR-6), which allows for 

their preferential migration into mucosal and barrier sites [41, 42].  
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Apart from Th17 cells, IL-17 is produced by other cellular sources that include gd T cells, 

lymphoid tissue inducer cells (LTi), innate lymphoid cells type 3 (ILC3s) and natural killer 

cells (NK) [5, 43] (Figure 1.2). 

 

Figure 1.2. Cellular sources and targets of IL-17. (Upper panel) Main cellular sources of 
IL-17 are Th17 cells and other immune cells, such as ILC3s and NK cells. During 
inflammation, IL-17 can also be produced by neutrophils and macrophages.  (Lower panel) 
Cellular targets of IL-17 are primarily non-hematopoietic cells, including epithelial cells 
and fibroblasts. Immune cells, such as T, B and NK cells can also be IL-17 targets.   

 

Particular disease settings appear to provide favorable conditions for other immune cells 

to produce IL-17, such as neutrophils during fungal infections and breast cancer metastasis 

[44, 45] and alveolar macrophages during allergic lung inflammation related to asthma 

[46]. In addition, mast cells have also been involved as relevant IL-17 producers in 

psoriatic skin [47, 48] and in rheumatoid arthritis affected joints [49], however, a recent 

report suggests that human mast cells rather than making IL-17 have the ability to capture 

and store exogenous IL-17A using a receptor-mediated exocytosis mechanism [50].    
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Cellular Targets of IL-17 

The IL-17 receptor complex has a ubiquitous expression and is present in a wide variety of 

tissues and cell types [51, 52]. The IL-17RA subunit of the receptor shows higher 

expression in cells of hematopoietic origin [53, 54]. In contrast, the IL-17RC subunit is 

primarily found in cells of non-hematopoietic lineage, such as mesenchymal, epithelial and 

endothelial cells, which constitute the main targets of IL-17 [53-55]. Interestingly, 

macrophages seem to constitute an exception, bearing both IL-17RA and IL-17RC [54]. 

IL-17 signaling on epithelial cells is critical for physiologic regulation of mucosal 

immunity and barrier defenses (discussed in detail below).  Additionally, in settings of 

inflammation IL-17 has been shown to exert its activity on a variety of cell types including 

keratinocytes, fibroblasts, osteoblasts, endothelial and immune cells (Figure 1.2). For 

instance, IL-17 stimulates the production of pro-inflammatory mediators such as IL-6, IL-

8, Prostaglandin E2 (PGE2) and GM-CSF from epithelial, endothelial and fibroblastic cells 

[56, 57]. In the context of rheumatoid arthritis (RA) IL-17 has been shown to mediate tissue 

pathology by acting on a variety of cell targets. IL-17 can induce the release of connective 

tissue destructive enzymes matrix metalloproteinase 1 (MMP-1) and MMP-3 [58] from 

synovial fibroblasts. IL-17 is also shown to directly act on osteoblasts through different 

mechanisms. It can stimulate the release of PGE2 followed by osteoclast differentiation 

factor (ODF), which induces osteoclast maturation and further bone destruction in RA [59]. 

In addition, IL-17 can enhance RANKL expression on osteoblasts and activate RANK 

signaling on osteoclasts, promoting osteoclastogenesis [1]. Lastly, macrophages are 

reported to increase their production of the pro-inflammatory cytokines IL-1β and TNF-α 

upon IL-17 stimulation, further amplifying inflammatory responses [60, 61]. 
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In the context of fungal infection, it has been shown that endogenous and/or exogenous IL-

17 can directly enhance reactive oxygen species (ROS) production in neutrophils [44]. 

However, this is controversial since it has been reported previously that neutrophils do not 

exhibit the IL-17RC on their surface [62]. IL-17 is also shown to play a role in the 

development of NK cells, which during fungal infections increase GM-CSF expression in 

an IL-17RA dependent manner [63]. 

Interestingly, IL-17 signaling can also affect T and B cell differentiation and functions. IL-

17 modulates T helper cell differentiation, by inhibiting the transcription factors T-bet and 

STAT-1 [64]. On autoreactive B cells, IL-17 has been documented to modulate chemotaxis 

and positively impacts their survival and proliferation [65].  

 

IL-17 as a Key Mediator of Mucosal Surveillance and Barrier Integrity   

IL-17 producing cells are considered by many the sentinels of mucosal barrier immunity 

[66]. In fact, IL-17 exerts its function as a protective mediator in barrier immunity by 

multiple mechanisms. To date it is recognized that: 1) IL-17 has key roles in maintaining 

barrier integrity, 2) IL-17 promotes the production of antimicrobial factors which are key 

for the containment of pathogens and commensals at barrier sites, 3) innate cells producing 

IL-17 are a first line of defense strategically positioned at barrier sites to regulate the 

recruitment and generation of neutrophils (Figure 1.3).  
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Figure 1.3. IL-17 is critical for oral mucosal integrity and immune surveillance. Th17 
cells, mostly through its effector cytokine IL-17 (but also through IL-22), have an 
important role in maintaining mucosal barrier integrity. Key functions in IL-17-mediated 
mucosal surveillance are (1) regulation of epithelial tight junction protein expression, (2) 
induction of antimicrobial peptide production, and (3) release of neutrophil 
chemoattractants.    

 

IL-17 promotes epithelial integrity by regulating tight junction proteins that connect and 

stabilize epithelial cell connections with the purpose of maintaining the barrier and keeping 

out gut luminal contents and commensal organisms. To date it has been shown that IL-17 

regulates the production of the tight junction protein claudin [67] and that IL-17A-

dependent regulation of the tight junction protein occludin during epithelial injury is key 

in limiting excessive permeability and maintaining barrier integrity [68]. Accordingly, IL-

17A or IL-17RA inhibition has been associated with severe weakening of the intestinal 

epithelial barrier [69].  
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Another mechanism by which IL-17 contributes to mucosal immune surveillance is the 

induction of antimicrobial mediators. IL-17 alone and in coordination with IL-22 induces 

the production of β-defensins (HBD), regenerating (ReG) proteins, S100 proteins, 

cathelicidins, lipocalins and lactoferrins [24, 70, 71]. These microbicidal agents are 

predominantly produced by epithelial cells. IL-17 also promotes epithelial cell secretion of 

chemokines such as CC-chemokine ligand 20 (CCL-20) for recruitment of neutrophils 

when the mucosal barrier is breached.  

In fact, neutrophil recruitment is a major IL-17 function. For this, innate IL-17-producing 

cells are strategically positioned at barrier sites to sense injury and infection and rapidly 

recruit neutrophils for initial containment of any insult. This early IL-17 production is 

required for optimal neutrophil recruitment and resistance to infection. It is important to 

note that innate cells IL-17 populations not only interact with pathogens during infection, 

but also are critical under physiologic conditions for the containment of commensal flora 

and the maintenance of mucosal homeostasis [66]. IL-17 exerts its neutrophil stimulatory 

functions by inducing epithelial cell secretion of granulopoietic factors such as G-CSF, 

GM-CSF and chemokines such as CXCL-1, 2, 5, which promote neutrophil chemotaxis 

[72]. 

These immune-protective functions of IL-17 have been shown to be particularly important 

for the clearance of specific extracellular pathogens and fungi at barrier sites. Specifically, 

disruptions in IL-17 signaling or production have been linked to susceptibility to 

Staphylococcus aureus, Citrobacter rodentium and Klebsiella pneumoniae, which infect 

the skin, colon and lung, respectively [54, 73, 74]. IL-17 immunity undoubtedly has 

emerged as a critical component in mucosal fungal surveillance [75]. In both humans and 
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animal models, disruptions in the IL-17 pathway have been linked to increased 

susceptibility to oral and chronic mucocutaneous candida infections (CMC) [76]. CMC is 

a disease characterized by recurrent symptomatic infections of the nails, skin, genital and 

oral mucosa caused by members of the genus Candida, mostly due to the commensal 

Candida albicans [77]. Candida albicans does not cause chronic infections in healthy 

subjects; nonetheless, in immunocompromised patients might trigger a variety of distinct 

disease forms, with systemic and/or mucosal involvement [76].  

Humans with disruptions in the development of Th17 cells do exhibit susceptibility to 

select bacterial and fungal infections. Specifically, patients with hyper-IgE syndrome have 

a defect in the differentiation of Th17 cells due to a mutation in the STAT3 gene [78] and 

are susceptible to skin S. aureus infections and recurrent pneumonias, most commonly due 

to S. aureus, but also Streptococcus pneumoniae and Haemophilus influenza infections. 

Lung infections with Aspergillus are also seen secondary to bronchiectasis. 

Mucocutaneous candidiasis is detected in the majority of patients [79]. All patients with 

other genetic disruptions in the IL-17 cascade or response also present with mucocutaneous 

and oral candidiasis (see below). 

 

IL-17 as a Driver of Inflammation, Immunopathology and Autoimmunity 

Evidence from human disease and disease models 

IL-17 secreting cells have been documented in inflammatory lesions of patients with a 

variety of human inflammatory and autoimmune diseases including psoriasis, 

inflammatory bowel disease, rheumatoid arthritis, type 1 diabetes, multiple sclerosis and 

periodontitis [3] [80] and speculated and/or shown to be involved in the pathogenesis of 
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the respective diseases. The link between over-activated IL-17 related responses and 

various inflammatory and autoimmune diseases in humans is also supported by results 

from genome wide association studies (GWAS) studies revealing IL-23R polymorphisms 

being linked with susceptibility to autoimmune diseases such as psoriasis, psoriatic 

arthritis, ankylosing spondylitis, multiple sclerosis and Crohn’s disease [81-83] (Figure 

1.4). 

 

Figure 1.4. Th17 in inflammatory disease and their pathogenic Th17 signature. (Left) 
Th17 cells have been implicated in the pathogenesis of various inflammatory and 
autoimmune diseases. (Right) Cellular and molecular signature of pathogenic Th17 cells.  

 

Consistent with human observations, mice deficient in IL-17A/F and related cytokines and 

mediators (including IL-22-, IL-23A- or IL-23RA-deficient mice) or treated with 

antibodies against IL-17/23 have increased susceptibility to EAE, collagen antibody-

induced arthritis (CIA), and models of inflammatory bowel disease (IBD), ankylosing 

spondylitis and psoriasis [84-88]. On the basis of these human observations and genetic 

linkage studies as well as preclinical models, IL-17-specific and IL-23-specific antibody 
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treatments have emerged as candidate therapeutic targets for Crohn’s disease, psoriasis and 

psoriatic arthritis. Specifically, to date Secukinumab the human IL-17 antagonist has been 

FDA approved for the treatment of psoriatic arthritis, ankylosing spondylitis and plaque 

psoriasis [89]. Ustekinumab inhibitor of the p40 subunit that is shared by IL-23 and IL-12 

is currently FDA approved for the treatment of psoriasis and psoriatic arthritis and has 

shown efficacy in the treatment of Crohn’s disease [90].  

 

Pathogenic Th17 cell subsets and cooperative IL-17 signaling in inflammation  

IL-17’s reason for being (teleology) is however not to cause disease, it is a protective 

mechanism geared towards the establishment of mucosal immunity. The pathologic role of 

IL-17 in disease appears to be context dependent and related to the development of a subset 

of pathogenic IL-17 secreting cell subsets.  In fact, it has been recently established that 

there is a pathogenic subset of Th17 cells that are increasingly capable of mediating 

inflammatory pathology (Figure 4). Pathogenic murine Th17 cells express a unique 

transcriptional signature compared to non-pathogenic Th17, which includes the elevated 

expression of the IL-23R [91]. Importantly, IL-23R deficient cells cannot induce 

autoimmunity irrespective of how they are differentiated in vitro [91]. Accumulating data 

support a central role for IL-23 in promoting the pathogenicity of Th17 cells by several 

mechanisms, including through the maintenance and stabilization of the Th17 signature 

gene expression program (Rorc and Il17), the induction of effector genes as well as 

upregulation of the Il23r expression [3]. Amongst the currently appreciated roles of IL-23 

in mediating Th17 pathogenicity is its ability to stimulate the production of endogenous 

TGF-β3, which will thereafter drive development of a pathogenic Th17 phenotype [91]. It 
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is also well recognized that GM-CSF, which is produced by pathogenic Th17 is dependent 

on IL-1 and IL-23 and is required for pathogenicity [26, 92]. Additionally, exposure to IL-

23 diminishes the concentration of the anti-inflammatory cytokine IL-10 in developing 

Th17 cells, which renders these cells pathogenic [93]. Pathogenic signaling of IL-23 

through the IL-23R is thought to be STAT3 mediated with STAT3 representing a major 

downstream mediator of IL-23R signaling in mice and humans and implicated in the 

pathogenicity of Th17 cells [35]. Consistent with a critical role for STAT3 in pathogenic 

Th17 responses, gain of function mutation in STAT3 in humans display early onset multi-

organ autoimmunity [94, 95]. However, IL-23R/STAT3 activation alone cannot explain 

the unique requirement for IL-23 in pathogenic Th17 cell commitment, as IL-6 is an even 

more potent activator of STAT3.  Recently IL-6 activation of STAT3 has been shown to 

contribute to the pathogenicity of Th17 cells via induction of the microRNA miR-183C, 

which is shown to inhibit Foxo1 (a negative regulator of Th17 pathogenicity) [96]. 

However, additional transcriptional regulators or signaling pathways may be operating to 

promote inflammatory Th17 cell effector function in different settings.  

The ability of IL-17 to signal cooperatively with other cytokines is probably one of the 

most important aspects of its biology as it relates to disease. Importantly, on their own, IL-

17A (and IL-17F) are modest activators of signaling, but they function cooperatively with 

other pro-inflammatory molecules, particularly TNF, but also IFNγ, IL-22, lymphotoxin, 

IL-1β and lipopolysaccharide [97]. The molecular basis for this synergy is not completely 

understood and probably involves multiple mechanisms [97]. In synovial tissue, IL-17 

upregulates TNFR2 expression, and thereby enhances responsiveness to TNF [98]. For 

some genes, cooperation between IL-17 and TNF occurs at the level of the promoter (for 
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example, Il6 and Lcn2) and/or mRNA stability (for example, mRNA encoding chemokines 

such as CXCL1) [99]. IL-17 also upregulates the expression of NF-κB inhibitor-ζ (IκBζ), 

which promotes the expression of select target genes [100]. 

 

IL-17 in Oral Mucosal Immunity and Inflammatory Disease (Periodontitis) 

Importantly the IL-17 cytokine has been shown to play a major role both in mucosal 

surveillance and immunopathology at the oral mucosal barrier. Consistent with its 

immuno-protective role towards fungi, IL-17 is critical for oral mucosal protection against 

Candida albicans.  

The Th17 lineage, acting largely through IL-17, has been elegantly shown in animal model 

systems to confer a dominant protective response to oral candidiasis through neutrophil 

recruitment and induction of antimicrobial factors [101]. Consistent with experimental data 

HIES patients (bearing a STAT3 mutation and defects in Th17 differentiation) exhibit great 

susceptibility to oral candidiasis (thrush) which has been attributed to low levels of salivary 

AMPs, including HBD-2 and various histatins and reduced candidacidal activity of patient 

saliva [102].  

Similarly, patients harboring mutations in molecules required for IL-17 signaling, such as 

IL-17RA, IL-17RC, IL-17F and the adaptor protein ACT1 also exhibit increased 

susceptibility to mucocutaneous, including oral, candidiasis [103-105]. Additional primary 

immunodeficiencies (PIDs) that may affect Th17 differentiation, such as gain-of-function 

mutations in STAT1, also manifest with CMC, reinforcing the importance of Th17 cells in 

coordinating fungal mucosal immunity [106, 107]. Of the PIDs that affect fungal 

recognition molecules, mutations on DECTIN-1 and its adaptor CARD9 have been linked 
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to defects in mounting effective IL-17 responses and CMC susceptibility [108, 109]. 

Additionally, individuals harboring genetic mutations in AIRE (and high titers of 

neutralizing autoantibodies to IL-17A, IL-17F and IL-22), almost invariably present with 

CMC and oral thrush [110, 111], and show diminished Candida killing activity in saliva 

and decreased levels of the salivary AMP cystatin SA1 [112]. Finally, some of the patients 

with severe combined immunodeficiency (SCID) may also present with CMC, depending 

on their mutation and whether it affects the T lymphocytic lineage [75]. Importantly, this 

continuously growing knowledge gained from the study of PIDs is helping define the role 

of IL-17 in human immunity (Table 1.1.). 
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Table 1.1. Primary Immunodeficiencies Affecting the Th17 Cell Pathway Linked to 
Susceptibility to Oral Mucosal Infection 

 
Oral 

manifestation 
 

 
Gene affected by  

mutation 

 
Clinical Syndrome 

(If described) 

 
Reference 

Chronic 
Mucocutaneous  
Candidiasis 
(CMC) 

IL-17RA, IL-17RC 
IL-17F, ACT1 

 [103] 
[104] 
[105] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Loss-of -function STAT3 
 
 
 
Gain-of-function STAT1 
 
AIRE 
 
 
 
 
DOCK8 
 
 
 
DECTIN-1 
 
CARD-9 
 
IRF8  
 
STK4  
 
CD45, IL7RA, RAG1, RAG2, 
ADA, AK2 
JAK3, ARTEMIS 

Autosomal dominant 
hyper IgE syndrome 
(AD-HIES) 
 
 
 
Autoimmune 
polyendocrinopathy-
candidiasis-ectodermal 
dystrophy (APECED) 
 
Autosomal recessive 
hyper IgE syndrome 
(AR-HIES) 
 
 
 
 
 
 
 
 
 
Severe combined 
immunodeficiency 
(SCID) 

[79] 
 
 
 

[107] 
 

[110] 
 
 
 
 
 

[106] 
 
 
 

[109] 
 

[108] 
 

[113] 
 

[114] 
 

[115] 
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Conversely, exaggerated IL-17 responses have been linked to immunopathology, 

particularly periodontitis in the oral cavity. Several studies have found high levels of IL-

17 in chronic periodontitis (reviewed in [80]), and indicate a correlation of increased IL-

17 expression with disease severity and with clinical parameters of periodontal destruction 

[116-118]. In fact, IL-17 expression is higher in periodontitis than in gingivitis and is 

almost undetectable in healthy control tissues [119-121]. IL-17 is also shown to be 

increased in aggressive periodontitis compared to chronic periodontitis and controls [122]. 

Finally, numerous studies have found an increase in Th17-related cytokines in periodontal 

lesions, such as IL-23, IL-21 and other pro-inflammatory and osteoclastogenic mediators 

such as IL-6 and RANKL, respectively [117, 123-126]. In humans, the presence of Th17 

cells has been previously shown in periodontal lesions [123] and recently Th17 cells have 

been identified as the main source of IL-17 in periodontitis [127].  

Critically, tissue neutrophils are now recognized as key cellular regulators of Th17 

responses in periodontitis. Studies from our group and collaborators have demonstrated 

that the lack or severe reduction in tissue neutrophils in patients with Leukocyte Adhesion 

Deficiency Type I (LAD-I) and relevant animal models is linked to exaggerated IL-17 

responses [128]. Conversely, over-abundance of tissue neutrophils in patients with chronic 

and aggressive periodontitis is also linked to excessive IL-17 responses (as discussed 

above). Consistent with these observations, mechanistic evidence from animal models also 

supports that excessive neutrophil recruitment can lead to exaggerated IL-17 responses. In 

fact, unregulated neutrophil recruitment in the absence of Del-1 (an endogenous inhibitor 

of neutrophil extravasation) leads to a deregulation of the IL-17 response [129]. 
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Collectively, all of this evidence suggests that a balance of tissue neutrophils is key in IL-

17 regulation.  

Dysregulated IL-17 production could be playing a pathogenic role in periodontitis through 

distinct but possibly overlapping mechanisms. IL-17 has the ability to amplify 

inflammation through excessive neutrophil recruitment, by enhancing pro-inflammatory 

cytokine production and by activating osteoclasts, all of which could contribute to 

immunopathology and bone destruction [130]. Experimental studies in animal models 

strongly support a pathogenic role for IL-17 in periodontitis.  IL-17 blockade has been 

shown to reverse immunopathology linked to excessive neutrophil recruitment in Del-1-

deficient mice [129]. Likewise, in mouse models of LAD-I periodontitis (LFA-1KO) 

inhibition of IL-17 or IL-23p19 was able to arrest inflammatory bone loss [128]. However, 

human studies targeting the IL-17 cytokine pathway are necessary to conclusively define 

the role of IL-17 in the pathogenesis and progression of periodontal diseases.  

 

Role of IL-17 Surveillance in the Establishment of the Oral Microbiome 

IL-17 has emerged as a critical cellular regulator of mucosal immunity and inflammation 

at the oral barrier. Given the well-recognized role of the commensal microbiome in health 

and disease it becomes important to understand what the role of IL-17 immunity is in 

shaping microbiome colonization in the oral cavity. To date it is well appreciated that IL-

17 responses are critical for fungal surveillance in the oral cavity, particularly for 

surveillance of oral Candida. Yet, little is known of the role of IL-17 responses in 

microbiome/bacterial surveillance. Interestingly, despite the fact that IL-17 signaling has 

been shown to participate in immunity against bacterial pathogens at various tissue sites 
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[131], data from various PID patient cohorts with disruptions in Th17 immunity do not 

indicate susceptibility to any other oral infections in patients with blunted Th17 responses. 

Yet one cannot disregard a possible role for the microbiome as a contributor in the 

susceptibility to oral candidiasis. The interplay between microbiome and mycobiome is a 

well-recognized factor in the control of fungal infections as evidenced by the increase in 

fungal mucosal infections in patients following antibiotics [132, 133]. Therefore, 

evaluating microbiome/mycobiome interactions in the setting of defective IL-17 immunity 

becomes of greater interest. 

Interestingly, while the oral microbiome in the setting of reduced IL-17 immunity is only 

recently beginning to be evaluated [134], it is well documented that exaggerated IL-17 oral 

responses are linked to microbial overgrown and dysbiosis (Figure 1.5).  

 

Figure 1.5. Concepts of how immunity may participate in the establishment of the oral 
microbiome/mycobiome. Defects in the Th17 pathway are associated with an overgrowth 
of fungi leading to oral and mucocutaneous candidiasis. Conversely, exaggerated IL-17 
responses in the context of periodontitis have been linked to bacterial overgrowth and 
dysbiosis.  



 21 

 

Exaggerated IL-17 production in the context of chronic and LAD-I periodontitis is 

accompanied by an increase in microbial load and presence of dysbiotic bacterial 

communities [129, 135, 136]. However, strong evidence supporting a role for exaggerated 

IL-17 inflammation in facilitating the formation of dysbiotic microbial communities comes 

from animal models of LAD-I periodontitis. Murine LAD-I (LFA-1KO) is associated with 

an increase in oral microbial load and anaerobic counts. Importantly, inhibition of IL-17 or 

IL-23 alone (without restoration of the genetic defect) reverses microbial dysbiosis 

suggesting that exaggerated IL-17 inflammation is a driving force for microbial imbalance 

in periodontitis [128]. It has been theorized previously that the microbial communities 

associated with periodontitis have an “inflammophilic” character and thrive in the presence 

of inflammation and its nutrients [137]. In accordance with this hypothesis and data from 

experimental models, in humans it has been shown that periodontal inflammation drives 

an increase in microbial load in periodontitis [136]. It is possible (based on data from the 

LAD model) that amplification of the IL-17 axis is a critical component of periodontal 

inflammation which facilitates a shift towards a “pathogenic” microbial community. 

However, further studies in humans targeting the IL-17 response can only conclusively 

define the role of IL-17 in the pathogenesis of periodontitis and its contribution to microbial 

dysbiosis. 
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Central Hypothesis 

Oral microbial communities influence local Th17 induction and resulting Th17-mediated 

responses, in turn, play a vital role in oral microbiome establishment.  

 

Specific Aims 

Specific Aim 1: To evaluate the role of oral bacterial communities in Th17 cell 

development at the oral barrier.    

Hypothesis: Select constituents of the microbiome have a proven influence on Th17 

development in various tissues. We hypothesize that Th17 cells are induced at the oral 

barrier in response to commensal microbiome triggers.  

 

Specific Aim 2: To determine the impact of blunted Th17 responses on oral mucosal 

bacterial and fungal communities. 

Hypothesis: Reduced Th17 mediated immune responses in humans will lead to impaired 

surveillance of the oral bacteriome/mycobiome, increasing susceptibility to infection.   

 

Specific Aim 3: To assess oral microbiome shifts in the context of excessive IL-17 

inflammatory responses and evaluate the consequences of an IL-17 blockade on oral 

microbial communities.  

Hypothesis: We hypothesize that excessive Th17 oral inflammation will alter oral 

microbial communities. Therefore, we will evaluate the oral bacterial communities in a 

disease setting of excessive Th17 mediated inflammation (Leukocyte Adhesion Deficiency 

I) and determine the consequences of therapeutic blockade of IL-17 on the microbiome. 
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CHAPTER II 

Oral Microbiome Characterization in Murine Models 

 

I. Introduction 

The microbiome plays critical roles in modulating tissue-specific immune responses 

particularly at barrier sites [138]. In these barrier environments, such as the gastrointestinal 

tract and skin, select commensals are shown to be able to drive the development of specific 

immune cell populations [139, 140]. Our work has recently started to explore the influence 

of the oral microbiome in tailoring tissue immunity, particularly at the gingiva, a vulnerable 

oral barrier site [141, 142].  

In humans, it is well recognized that the oral cavity harbors a diverse and rich microbiome 

[143]. Alterations in oral microbial communities have been associated with the common 

oral disease, periodontitis, an inflammatory condition that affects the gingival tissues and 

results in tissue damage [135, 136, 144]. To date, animal models have been instrumental 

in addressing the role of the microbiome in various physiological and pathological 

conditions [145, 146]. However, studies of host-microbiome interactions have been 

increasingly challenging in the oral murine setting. To facilitate oral microbiome studies 

in murine models, we have developed protocols for sampling of oral microbial 

communities, processing of low biomass murine oral microbiome samples, 16S rRNA gene 

sequencing and analysis of relevant data. 
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II. Materials and Reagents 

A. Oral and gingival sample collection 

1. Ultra-Fine polystyrene swab (Puritan® Manufacturer, catalog number: 25-800 

1PD 50) 

2. Safe-lock Biopur 1.5 ml Individually wrapped tubes (Eppendorf, catalog 

number: 022600028) 

3. KIMWIPES delicate task wipers (Kimberly-Clark Professional, catalog 

number: 34120) 

4. Sterile scalpel handle #3 (Fine Science Tools, catalog number: 10003-12) 

5. Scalpel blades #10 (Fine Science Tools, catalog number: 10010-00) 

6. TE buffer (Epicentre, catalog number: MTE0970) 

7. RNase AWAY decontamination reagent (Thermo Fisher Scientific, catalog 

number: 10328011) 

 

B. DNA isolation 

1. DNeasy Blood and Tissue Kit (QIAGEN, catalog number: 69504) 

2. Ready-Lyse lysozyme solution (Epicentre, catalog number: R1810M) 

3. Ethanol for molecular biology (Sigma-Aldrich, catalog number: E7023) 

4. DNA IQ spin baskets (Promega, catalog number: V1225) 

5. RNase AWAY decontamination reagent (Thermo Fisher Scientific, catalog 

number: 10328011) 
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C. 16S rRNA gene library amplification and visualization 

1. DNA low-bind tube 2.0 ml (Eppendorf, catalog number: 0030108078) 

2. PCR tubes 0.2 ml without caps (Bio-Rad Laboratories, catalog number: TLS0801) 

3. PCR tube 8-Cap strips (Bio-Rad Laboratories, catalog number: TCS0803) 

4. Platinum Taq DNA polymerase high fidelity (Thermo Fisher Scientific, catalog 

number: 11304011) 

5. dNTP mix (10 mM each) (Thermo Fisher Scientific, catalog number: R0191) 

6. PCR water (QIAGEN, catalog number: 17000-10) 

7. Forward primer 8F 5’-AGA GTT TGA TCM TGG CTC AG-3’                              

(Custom order - IDT) * 

8. Reverse primer 361R 5’-CYI ACT GCT GCC TCC CGT AG-3’                                

(Custom order - IDT) * 

*Note: These universal primers were first described in the article by Sundquist et 

al. [147]. Additionally, both forward and reverse primers need to include 5’ and 3’ 

linker sequences, heterogeneity spacers and the desired index identifier sequences 

that will allow dual indexing for later sample identification. These modifications 

are described in detail in the study of Fadrosh et al. [148]. 

9. UltraPure agarose (Thermo Fisher Scientific, catalog number: 16500500) 

10. 50x TAE buffer (Bio-Rad Laboratories, catalog number: 1610743)  

11. GelPilot DNA Loading dye, 5x (QIAGEN, catalog number: 239901) 

12. UltraPure ethidium bromide (Thermo Fisher Scientific, catalog number: 15585011) 

13. 100 bp DNA ladder (New England BioLabs, catalog number: N3231S) 
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14. RNase AWAY decontamination reagent (Thermo Fisher Scientific, catalog 

number: 10328011) 

 

D. PCR Product Clean-up, quantification and sequencing  

1. DNA low-bind tube 1.5 ml (Eppendorf, catalog number: 0030108051)  

2. Qubit assay tubes (Thermo Fisher Scientific, catalog number: Q32856) 

3. Agencourt AMPure XP (Beckman Coulter, catalog number: A63880) 

4. Ethanol for molecular biology (Sigma-Aldrich, catalog number: E7023) 

5. Buffer EB (QIAGEN, catalog number: 19086) 

6. Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, catalog number: Q32851) 

7. Experion DNA 1K kit (Bio-Rad Laboratories, catalog number: 7007107) 

8. PhiX Control V3 (Illumina, catalog number: FC-110-3001) 

9. MiSeq Reagent Kit v3 (Illumina, catalog number: MS-102-3003) 

10. RNase AWAY decontamination reagent (Thermo Fisher Scientific, catalog 

number: 10328011) 

 

III. Equipment 

1. Sterile scissors (VWR, catalog number: 82027-582) 

2. Sterile Fine scissors (Fine Science Tools, catalog number: 14058-11) 

3. Sterile medium tipped forceps (Fisher Scientific, catalog number: 12-000-157) 

4. Pipettes 

5. UV crosslinker (Stratagene, model: UV Stratalinker 1800) 

6. Microcentrifuge (Eppendorf, model: Centrifuge 5224R) 
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7. Heated shaking block for Eppendorf tubes (Eppendorf, model: Thermomixer 5436) 

8. Vortex mixer (Scientific Industries, model: Vortex-Genie 2) 

9. Spectrophotometer (Thermo Fisher Scientific, NanoDrop, model: ND-1000) 

10. Thermal Cycler (Bio-Rad Laboratories, model: DNA Engine) 

11. Electrophoresis Chamber (Bio-Rad Laboratories, model: Wide Mini-Sub cell GT 

Cell) 

12. Gel Imager (Syngene, model: InGenius) 

13. DynaMag-2 Magnet (Thermo Fisher Scientific, model: DynaMagTM-2 Magnet) 

14. Automated electrophoresis station (Bio-Rad Laboratories, model: Experion) 

15. Experion priming station (Bio-Rad, catalog number: 7007030) 

16. Experion vortex station II (Bio-Rad, catalog number: 7007043) 

17. Qubit 3.0 Fluorometer (Thermo Fisher Scientific, model: Qubit 3.0) 

 

IV.  Procedure 

A. Oral and gingival sample collection 

1. Oral mucosal microbiome sampling 

Note: This procedure allows for comprehensive evaluation of microbiome from all 

oral mucosal areas. 

a. Aseptically add 150 µl of TE buffer to 1.5 ml Safe-lock Biopur tubes. Include 

one per mouse to be sampled and one negative control. 

b. Clean work surface with ethanol 70% and RNase AWAY reagent. UV-treat 

tubes, racks, scissors for 30 min.  

c. Anesthetize or euthanize a mouse according to ARAC guidelines. 
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d. Wipe gloved hands with a tissue wipe previously moistened with RNAse 

AWAY reagent.    

e. Open swab envelope and have it ready (one hand), grab the mouse pulling the 

skin of the neck area so the mouth opens without touching it (other hand) 

(Figure 2.1A).  

f. Swab the oral cavity for 30 sec., starting on the tongue, then buccal areas, 

gingiva, palate and finish with the gingiva on the lower incisors (Figure 2.             

1B).  

 

Figure 2.1. Oral swab sample collection. (A) Hand positioning when handling the mouse 
for sampling, opening its mouth without touching it. (B)  Swab placement in the oral cavity, 
sampling tongue and buccal surfaces. 

 

g. Place the swab in TE buffer and cut the swab handle with scissors, to allow for 

the tube to close, but not leaving it too short. Place the tube immediately on dry 

ice. Collect a negative control swab, by taking a swab and exposing it to the air 

and then placing it into a tube with TE buffer. 

h. After collecting all samples, store them at -80 °C until processing. 
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2. Gingival tissue sample collection 

Note: This procedure allows for evaluation of the oral microbiome at the gingiva 

and may be most useful in studies of periodontitis. 

a. Steps A2a-A2b as above. 

b. Euthanize a mouse according to ARAC guidelines. 

c. Wipe gloved hands with a tissue wipe previously moistened with RNAse 

AWAY reagent.    

d. Perfuse the mouse and dissect tissues to expose the oral cavity (Figure 2.2A). 

These procedures are explained in detail in Dutzan et al. [149]. 

e. Using a #10 blade, dissect the palatal gingiva around the maxillary molars 

(Figure 2.2B). Remove gingival tissue with forceps and place it in tube of TE 

buffer, which is directly transferred on dry ice. As a negative control, dip an 

unused pair of forceps in a tube with TE buffer. 

f. After collecting all samples, store them at -80 °C until processing.  

 
Figure 2.2. Gingival tissue collection. (A) Dissection of palatal gingival tissue around 
molar teeth from mouse maxilla. (B) Enlarged view of the excised gingival tissue. 
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B. DNA isolation 

1. Clean work surface with ethanol 70% and then RNase AWAY reagent. UV-treat a 

plastic tube rack, pipettes, sterile forceps and spin baskets (consider one pair of 

forceps and one basket per sample). 

2. Thaw previously collected samples by placing the tubes at 37 °C for 10 min. on a 

heated shaking block at moderate speed. 

3. Briefly spin sample tubes and add 1 µl of ReadyLyse per tube. Incubate for 60 

min. on a heated shaking block (37 °C) at moderate speed. 

4. Briefly spin tubes before opening. 

5. Add 25 µl of proteinase K and 200 µl of buffer AL (both from the DNeasy Blood 

and Tissue Kit). 

6. Mix by vortexing briefly. 

7. Incubate overnight at 56 °C on a heated shaking block at a moderate speed. 

8. Next day, briefly spin tubes before opening. 

9. If samples are gingival tissues continue to step B12. 

10. If samples were collected with swabs, pull up the swab by grabbing it from the 

upper end with a pair of forceps, place a spin basket into the tube and now leave 

the swab into basket. 

11. Take the tube with the basket and swab on top and proceed to briefly spin, to 

drain any liquid on the swab. Discard basket and swab. 

12. Add 200 µl of ethanol and mix well by vortexing. 

13. Briefly spin tubes before opening. 
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14. Pipet the mixture into DNeasy mini spin column, that was previously placed in a 2 

ml collection tube (from now on all reagents are provided in the DNeasy Blood 

and Tissue Kit).  

15. Centrifuge at ≥ 6,000 x g for 1 min. Discard flow-through and collection tube. 

16. Place column in new collection tube and add 500 µl of Buffer AW1. 

17. Centrifuge at ≥ 6,000 x g for 1 min. Discard flow-through and collection tube. 

18. Place column in new collection tube and add 500 µl of Buffer AW2. 

19. Centrifuge at 20,000 x g for 3 min. to dry column membrane. Discard flow-through 

and collection tube. 

20. Make sure column is dry before proceeding to next step, if it became wet, repeat 

step B19 using a new collection tube. 

21. Place column in a new 1.5 ml Safe-lock Biopur tube (not included in the kit) and 

pipet 53 µl of Buffer AE directly onto the center of the membrane. 

22. Incubate 5 min at room temperature. 

23. Centrifuge at ≥ 6,000 x g for 1 min. 

24. Measure DNA concentration in Spectrophotometer (Nanodrop, ND-1000). 

 

C. 16S rRNA gene amplification 

DNA concentration from oral murine samples (in health/steady state) is low, 

particularly when using the oral swab procedure, (typically around 2-3 ng/µl of total 

DNA). Therefore, we modified our protocols for the subsequent PCR reactions adding 

4 µl per reaction regardless of their DNA concentration. We also adjusted amplification 
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conditions by increasing the amount of PCR cycles (from 25 to 35) and decreasing the 

annealing temperature (from 52.5 °C to 50 °C). Importantly, our non-template controls 

and water alone did not amplify with this modified protocol. All PCR reactions per 

sample are performed in duplicate, then PCR products are pooled before purification. 

1. Clean work surface with ethanol 70% and then RNase AWAY reagent.  

2. Assemble master mix in a 2 ml LoBind tube, combine the required amounts of PCR 

water, dNTPs, MgSO4, Taq polymerase and buffer, according to the volume 

described below (per tube). 

 

 Table 2.1. Master mix components and volumes. 

Reagent Volume (µl) 

PCR Water 10.5 

Forward primer (5uM) 1.2 

Reverse primer (5uM) 1.2 

dNTPs (10 mM) 0.4 

MgSO4 (50 nM) 0.6 

Platinum Taq HiFi polymerase 0.125 

Platinum Taq HiFi buffer 2 

DNA 4 

Total 20 

 

3. Mix well by vortexing and add 13.6 µl of this mixture to each PCR tube. 

4. Add to each PCR tube the desired forward and reverse primer (both come with their 

own index sequence, for ‘dual indexing’). 

5. Add DNA template to each PCR tube. 

6. Place the tubes in thermal cycler and run the following PCR conditions: 
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Table 2.2. PCR cycling conditions 

 Temperature  Time  

Step 1 95 °C 3 min 

Step 2 95 °C 30 sec 

Step 3 50 °C 30 sec 

Step 4 72 °C 60 sec 

Step 5 Repeat step 2-4, 34 times 

Step 6 72 °C 9 min 

Step 7 4 °C forever 

 

7. Merge the duplicated PCR products from one sample in a DNA low-bind 1.5 ml 

tube. Then, run a 1.2% agarose gel using a 100 bp ladder, stain it with ethidium 

bromide or the DNA dye of your preference and visualize the PCR products in a 

gel imager. The expected amplicon size is ~528 bp. 

 

D. PCR product clean-up using the Agencourt AMPure XP system 

1. Clean work surface with ethanol 70% and then RNase AWAY reagent.  

2. Equilibrate AMPure XP Magnetic Particle Solution to room temperature (15-30 

min). 

3. During that time prepare fresh 70% ethanol, aliquot the required amount of EB 

buffer (consider 40 µl per PCR product) and have ready a set of DNA low-bind 1.5 

ml tubes. 

4. Measure the volume of each PCR product. 

5. Mix by vortexing the AMPure XP Magnetic Particle Solution, to re-suspend any 

magnetic particles that may have settled. 
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6. According to the measured PCR product volume, add the appropriate amount of 

bead solution based on the following ratio (DNA:beads = 1:0.65). 

7. Vortex briefly and carefully, keeping the mixture in the bottom of the tubes. 

Incubate for 5 min. at room temperature, for binding of DNA to beads. 

8. Place the tube onto a DynaMag-2 Magnet for 2 min. or until beads separate from 

solution. 

9. While keeping the tubes in the magnet, carefully remove supernatant. 

10. Remove tubes from magnet and dispense 200 µl of 70% ethanol and pipet up and 

down to mix. 

11. Repeat steps D8 and D9. 

12. Remove tubes from magnet and dispense 200 µl of 70% ethanol and pipet up and 

down to mix. 

13. Repeat steps D8 and D9. 

14. While keeping the tubes in the magnet, open the tube lids and allow the beads to 

dry for approximately 5 min, making sure that the bead surface does not start to 

crack as this results in low DNA yield. 

15. Remove tubes from the magnet, add 40 µl of EB to each tube and mix well by 

pipetting. 

16. Place the tubes back in the magnet and wait for 2 min or until beads clearly separate 

from solution. 

17. Transfer ~35 µl of the supernatant to a new DNA low-bind 1.5 ml tube. 
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E. PCR product quantification using the Qubit dsDNA HS Assay Kit 

1. Equilibrate kit solutions to room temperature (15-30 min). 

2. Set up required number of Qubit assay tubes for samples and standards (2 tubes for 

standards). 

3. Label the tube lids. 

4. Prepare working solution by diluting HS reagent 1:200 in HS buffer. Prepare the 

desired amount considering that each sample will require 198 µl and the standards 

190 µl. 

5. Add 190 µl of working solution to the standard tubes and add 10 µl of each standard 

to the appropriate tube. Mix by vortexing 2-3 sec., avoiding bubble formation. 

6. Add 198 µl of working solution to the sample tubes and add 2 µl of each sample to 

the appropriate tube. Mix by vortexing 2-3 sec., avoiding bubble formation. 

7. Incubate 2 min. at room temperature in the dark. 

8. Calibrate Qubit Fluorometer with the standards and proceed to read samples. 

Note: It is important to mention that the Qubit dsDNA HS Assay Kit detection range 

goes from 0.5 to 100 ng/µl. Samples below that detection range can be quantified 

but their concentration may not be accurate. 

 

F. PCR product quantification and visualization using the Experion DNA 1K kit 

We perform this step to confirm the purity of the PCR products after cleaning 

procedures. The size of the target DNA should correspond to a single peak at 528 bp. 

1. Equilibrate kit reagents to room temperature (15-30 min). 
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2. While waiting, make sure that the DNA concentration of the PCR products doesn’t 

exceed 50 ng/µl, if it is above this value dilute to 50 ng/µl. For our samples, DNA 

concentration is usually below this value. 

3. Vortex briefly and short spin all reagents. 

4. Prepare gel-stain solution (GS) by adding 12.5 µl of stain (ST) to gel tube (G). 

5. Vortex for 10 sec. and transfer the GS solution to a spin-filter tube (provided in the 

kit). 

6. Centrifuge spin-filter tube at 2,400 x g for 15 min. 

7. Discard filter. Date the tube as this GS solution lasts for 1 month. This solution 

needs to be protected from light and stored at 4 °C. 

8. Prime the DNA chip by adding 9 µl of GS to priming well, then select C3 on 

priming station and press Start. Visually inspect for bubbles or incomplete priming. 

9. Pipet 9 µl of GS to other GS wells (3) in the DNA chip. 

10. Pipet 5 µl of loading buffer into L well and each sample well (11). 

11. Pipet 1 µl of DNA 1 K ladder into well L. 

12. Pipet 1 µl of DNA into each sample well. Add 1 µl TE buffer or DNase-free water 

in wells that were not used. 

13. Place chip in the Experion vortex station and press mix. 

14. Run the chip in the Experion electrophoresis station. 
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G. PCR product pooling and sequencing 

1. Calculate the concentration in nM of each purified PCR product. Consider the 

amplicon size (528 bp) from Experion analyses and DNA concentration obtained 

from the clean PCR product using the Qubit. 

2. Dilute each PCR product to 4 nM using EB buffer. It is very important that PCR 

product concentrations and dilutions are accurate in order to obtain approximately 

equal number of reads per sample. 

3. Add 5 µl of each diluted PCR product to a 2.0 ml DNA low-bind tube, so samples 

are pooled in equimolar amounts. Measure library DNA concentration using Qubit 

assay as described before. Store at 4 °C. 

4. Pooled PCR products are ready to be sequenced on a MiSeq Instrument using the 

PhiX Control libraries and the MiSeq Reagent Kit v3 from Illumina, following the 

manufacturer’s standardized sequencing protocols.  

5. Prepare MiSeq reagents according to MiSeq Reagent Preparation Guide 

(https://support.illumina.com/content/dam/illumina-

support/documents/documentation/system_documentation/miseq/miseq-reagent-

kit-v3-reagent-prep-guide-15044983-b.pdf).  

Considering DNA concentration measured in step G4, proceed to denaturation and 

dilution steps described in MiSeq System Denature and Dilute Libraries Guide 

(https://support.illumina.com/content/dam/illumina-

support/documents/documentation/system_documentation/miseq/miseq-denature-

dilute-libraries-guide-15039740-01.pdf). For our samples, we diluted the library to 
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6. 9 pM and combined it with 20 pM PhiX in a ratio that allow us to obtain a spike of 

PhiX of 14%. 

 

V.  Data analysis 

1. Following sequencing, the data is processed using the software Mothur [150]. A 

detailed description of the analysis pipeline is available in our original article [141]. 

Briefly, the initial steps of pre-processing are aimed at eliminating low quality 

reads, assembling contigs and filtering according to size (200-400 bp). 

Subsequently, we follow the MiSeq SOP pipeline 

(https://www.mothur.org/wiki/MiSeq_SOP) as described in [151]. After pre-

processing, sequences are clustered into Operational Taxonomic Units (OTUs) 

(using a 97% similarity cutoff). For taxonomic classification, we use the Ribosomal 

Database Project classifier [152] adapted for Mothur, which allows classification 

of OTUs up to genus-level. To improve OTU taxonomical identification, we then 

obtain the representative sequence for each OTU and compare it against the NCBI 

16S rRNA database using BLAST. Top matches (presenting at least 97% similarity 

and coverage) provide additional species-level taxonomy information for each 

OTU.  

2. For data visualization, we use the software R and R studio, in conjunction with the 

R packages ‘ggplot2’ and ‘RColorBrewer’.  

3. To get an overview of the taxonomical composition of the samples, we typically 

plot the relative abundance for the top OTUs (mean abundance > 1%) (Figure 2.3). 

Differences in relative abundance can be determined using appropriate statistical 
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tests (considering if data are paired, follow normal distribution, etc.) and adjusting 

for multiple comparisons. We often use the LDA effect Size (LEfSe) tool [153] to 

identify differentially represented OTUs, which is available at 

https://huttenhower.sph.harvard.edu/galaxy/.  

 

Figure 2.3. Most abundant OTUs in oral microbial communities from gingival tissues 
and oral mucosal surfaces. Example data from 10-week-old C57BL6 mice (n = 10). 

 

4. To explore differences between communities (beta-diversity), samples can be 

compared using the ThetaYC distance, which measures dissimilarities in overall 

community structure. These data can be analyzed/visualized using Principal 

Coordinate Analysis (PCoA) (Figure 2.4).  
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Figure 2.4. PCoA graph based on Theta YC distances. Samples from gingival and 
mucosal tissues cluster separately, indicating they harbor microbiomes with distinct global 
community structures (P < 0.001, determined by AMOVA). 

 

VI.  Notes 

Wear gloves, lab coat at all times and also consider wearing a mask when possible, to 

minimize risks of sample contamination during collection and processing. 

 

VII.  Recipes 

This protocol does not require recipes for reagents, almost all reagents come ready to 

use. 
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CHAPTER III 

Role of resident microbial communities in the induction of Th17 cells at 

the oral barrier 

 

I. Introduction 

Barrier resident immune populations integrate local cues to generate responses that 

preserve barrier integrity, maintain host-commensal interactions and aid in fighting 

infection [154, 155]. In recent years our understanding of barrier-tailoring of immune 

responses has dramatically expanded. This is particularly true in the gastrointestinal (GI) 

tract and skin, where tissue-specific and microbial-derived signals have been shown to 

shape the immune surveillance network and immune responsiveness [139, 140, 156]. Yet, 

little is known regarding the development of tissue-specific immunity at the gingiva, an 

essential oral barrier that supports the dentition, harbours a complex commensal 

microbiome and is a site where food antigens are first encountered prior to GI tract entry. 

Indeed, how effective immunity and regulation are balanced at this oral barrier is poorly 

understood. Expanding our understanding of the basic mechanisms controlling immunity 

at this barrier is important as breakdown of controlled immune responses at the gingiva 

leads to periodontitis; the most common inflammatory disease of humans [157]. 

Additionally, periodontitis has been linked to the potentiation of a plethora of inflammatory 

conditions, such as cardiovascular disease and rheumatoid arthritis [158]. Therefore 

understanding the mediators of health and disease at the gingiva may have broad-reaching 

implications for systemic inflammation.  
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Th17 cells are key mediators of barrier immunity, participating in immune surveillance and 

maintenance of barrier integrity [159]. Importantly, this CD4+ T cell subset has been 

implicated in mediating protective immunity as well as pathogenic inflammation at the oral 

barrier. The development of Th17-responses at barriers such as the skin and GI tract is 

linked to tissue-specific factors, particularly colonization by site-specific commensals 

[139, 140]. However, in the gingiva the influence of the microbiota as a factor that controls 

tissue-specific immunity remains unexplored, and as such it is not known if the microbiome 

plays a role in Th17 induction in the oral environment. The critical role of Th17 cells in 

mediating protection at the oral barrier is evident in patients with genetic defects in Th17 

cell differentiation and/or function; these patients present with severe/recurrent oral fungal 

infections [107, 130]. However, exaggerated Th17-responses at the gingiva are detrimental 

and have been shown to promote inflammatory bone loss and tissue damage in periodontitis 

[128, 129]. How Th17 cells are induced in the gingiva and subsequently become 

deregulated in periodontitis is poorly understood. Therefore, elucidating if the oral 

microbiota is one of the signals involved in the induction and regulation of Th17 cells in 

this environment will shed light into the tissue-specific cues that regulate immunity in the 

gingiva. 

Here we evaluate the role of the oral microbiota in directing accumulation of Th17 cells in 

the gingiva. Our work demonstrated that the gingival IL-17-producing CD4+ T population 

increased with age. Exploring this increase in Th17 cells in older mice we found that 

gingival Th17 cells were not dependent on colonization by commensal bacteria, as the 

Th17 cell population was unchanged in germ free mice. Therefore, our data indicates that 

a commensal-independent mechanism may shape gingival Th17 cell responses. 
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II. Materials and Methods 

Mice 

C57BL/6 mice were purchased from Taconic and from the Jackson Laboratory (USA). 

Germ Free mice were from the University of Manchester Gnotobiotic Facility and the 

NIAID Microbiome Project Gnotobiotic Animal Facility. All experiments were approved 

by appropriate governing bodies and performed following local rules. 

 

Preparation of single cell suspensions 

Mouse gingiva was dissected and digested for 50 minutes at 37oC with Collagenase IV 

(Gibco) and DNAse (Sigma) as previously described [149]. 

 

Flow cytometry 

Single-cell preparations were stained with antibodies from eBioscience, BD Pharmingen 

and Biolegend. Foxp3, Ki67 and Bcl-2 were stained using the eBioscience Fix/Perm kit 

and cytokines stained in buffer containing 0.5% Saponin (Sigma). Dead cells were 

excluded by use of a Live/Dead fixable dye (Biolegend). Samples were acquired using a 

Fortessa (BD Biosciences) and analyzed with FlowJo software (Treestar). Cell sorting was 

performed using an Influx (BD Biosciences). 

 

Ex vivo re-stimulation for cytokine detection 

Cells were stimulated with 50ng/ml PMA (Sigma-Aldrich) and 5μg/ml Ionomycin (Sigma-

Aldrich) in the presence of GolgiPlug (Brefeldin A; BD Biosciences). After 3.5-4 hours 

cells were stained for flow cytometric analysis. 
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Oral microbiome evaluation via 16S rRNA gene sequencing and qPCR 

DNA was isolated using the DNeasy Blood and Tissue kit (Qiagen) as described previously 

[136]. Total 16S rRNA copy numbers were determined as previously described [160]. SFB 

(Segmented Filamentous Bacteria) SYBR Green real-time PCR was conducted using SFB 

specific primers SFB736 forward 5’-GAC GCT GAG GCA TGA GAG CAT-3’ and 

SFB844 reverse 5’-GAC GGC ACG GAT TGT TAT TCA-3’. For 16S rRNA gene 

sequencing, amplicon libraries were generated using fusion primers containing universal 

primers 8F 5’- AGA GTT TGA TCM TGG CTC AG-3’ and 361R 5’-CYI ACT GCT GCC 

TCC CG TAG-3’[147], which span the V1-V2 regions. Primers also contained 5’ and 3’ 

linker sequences, index identifiers and heterogeneity spacers as previously described [148]. 

Amplicons were prepared in duplicate PCR reactions containing 0.3µM of each primer, 

200mM of each dNTP, 1.5mM MgSO4, and 0.625U of Platinum® Taq DNA Polymerase 

High Fidelity (Invitrogen). Amplification conditions included an initial denaturation step 

at 95°C for 3 min, 35 cycles of 95°C for 30s, 50°C for 30s and 72°C for 60s, followed by 

a final elongation step at 72°C for 9 min. PCR products and negative DNA extraction and 

PCR control reactions were purified using Agencourt AMPure XP reagents, quantified, 

pooled and sequenced using the MiSeq Reagent Kit v3 (2x300 cycle) (Illumina). 16S rRNA 

reads were processed in Mothur [150]. Unassembled raw reads were first quality-trimmed 

using a sliding window approach (window size 50bp, quality score >35). Reads were then 

assembled, primers, spacers and indices trimmed and contigs filtered to include only 

sequences between 200-400bp and no ambiguous base calls. Sequences were further 

processed following a standard pipeline[151]. Sequences were classified using Mothur’s 

version of the Ribosomal Database Project classifier [152] with a cutoff=80. For 
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Operational Taxonomic Unit (OTU) analyses, sequences were clustered using a 97% 

similarity cutoff. OTUs were classified up to genus level based on the consensus taxonomy 

using the default cutoff (51%). To further inform OTU taxonomy, the representative 

sequence from each OTU was compared by BLAST to the NCBI 16S rRNA sequence 

database and the top match (with at least 97% similarity and coverage) is reported in 

parenthesis as part of the OTU name. Differences in relative abundance of taxa between 

young and old mice were determined via paired-sample Wilcoxon Rank tests with 

adjustments for multiple testing done via the Benjamini-Hochberg false discovery rate 

method. Differences between Tac and Jax mice were evaluated with LEfSe [153] using 

0.05 as the alpha value for the factorial Kruskal-Wallis test. Beta diversity was measured 

with the ThetaYC distance for comparison of communities based on global structure. 

Principal Coordinates Analysis (PCoA) was performed in mothur using OTU-level 

ThetaYC distances. Graphs were visualized using the rgl application within R 

(http://www.r-project.org) and AMOVA was used to test for differences in community 

structure.   

 

III. Results 

Gingiva Th17 cells increase with age  

In order to understand local induction of Th17-responses, we examined IL-17+ T cells in 

mouse gingiva, the mucosal tissue surrounding the dentition and the key oral barrier in 

periodontitis. At steady-state, Th17 cells are enriched at barrier sites; specifically the GI 

tract and skin [140, 161]. Contrasting this, few Th17 cells were seen in the gingiva of 8-

week old, young mice (Figure 3.1A). However, by 24-weeks of age (considered middle-
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age in aging studies) Th17 cell frequencies (Figure 3.1B, C) became significantly elevated 

in the gingiva, indicating a physiologic development of a Th17-network with age. Thus, 

unlike other barrier sites, the gingiva showed a remodelled cytokine network during aging. 

This natural, age-driven increase in Th17 cells provided the ideal setting for us to probe 

the development of disease-relevant gingival Th17 cells.   

 

 

Figure 3.1 Frequencies of oral barrier IL-17 producing CD4+ T cells increase with age. 
(A-C) Single cell preparations of mouse gingiva were stimulated with PMA and 
ionomycin. Representative FACS plots show IFNγ versus IL-17 staining gated on CD4+ T 
cells in the gingiva of (A) 8- and (B) 24-week old mice. (C) Bar graphs show frequencies 
of gingiva CD4+ T cells producing IL-17. (n=8-28; data from 4+ experiments). **p<0.005 
as determined by one-way ANOVA.  

 

Shifts in microbial communities do not correlate with increases in Th17 cells 

Commensal communities shape tissue immunity in health and disease and specific oral 

microbes are implicated in the development of, not only periodontitis [136, 144], but 

distinct peripheral pathologies [162, 163]. Importantly, commensal bacteria play vital roles 

in Th17 cell development at other barriers [140], with specific species specifying Th17 cell 

development [139]. Therefore, we first investigated whether changes in oral microbial 

communities could account for elevated gingival Th17 cells with age. We found no 
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significant differences in bacterial biomass, diversity or composition in mice at 8- verses 

24-weeks of age (Figure 3.2A-D). These data allowed us to undertake a detailed 

examination of the mouse oral microbiome revealing Firmicutes as the dominant phylum 

(Figure 3.2B) and Lactobacillus being the most abundant OTU in the oral cavity (Figure 

3.2C). Importantly, some OTUs detected in lower abundance were closely related to 

“signature” species of the human oral microbiome [136, 164], including Veillonella dispar, 

Rothia dentocariosa, Streptococcus mutans and Actinomyces oris, suggesting conserved 

oral microbiome elements in humans and mice.  
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Figure 3.2. Microbial commensal communities and their association to oral Th17 
development. (A) Graph shows comparison of total bacterial load in the oral cavity of 8- 
and 24-week old mice, determined by a 16S rRNA-based real-time PCR assay. (B-C) 
Graphs show microbiome composition at different taxonomical levels, depicting most 
abundant (B) phyla and (C) OTUs in longitudinally-sampled mice (n=10). No differences 
in relative abundances were observed between young and old mice. (D) PCoA plot based 
on thetaYC distances showing no difference in global community structure at the 8- and 
24-week time points (n=10). Some data points are not visible due to tight clustering.  

 

Next, we specifically interrogated the presence of Segmented Filamentous Bacteria (SFB), 

which are associated with increased Th17 cells in the GI tract [139]. These key Th17-

driving bacteria were not constituents of the oral microbiome (Figure 3.3A). However, GI-

colonization by SFB can support Th17 cell generation at peripheral sites [165, 166]. 

Therefore, we examined Th17 cells in the gingiva of 24-week old SFB+ mice from Taconic 

(Tac) and SFB− mice from Jackson Laboratories (Jax). No difference in the frequencies of 



 49 

gingival Th17 cells in SFB+ and SFB− mice were seen (Figure 3.3B), demonstrating 

gingival Th17 cell development was independent of SFB. Moreover, despite similar Th17 

frequencies, Tac and Jax mice had significant differences in their oral bacterial 

communities (Figure 3.3C and Figure 3.4A-C), further suggesting the oral microbiome 

may not be a primary driver of gingival Th17 development.   

 

Figure 3.3. Oral Th17 development is independent from Segmented Filamentous 
Bacteria colonization. (A) SFB levels in cecum samples and oral swabs of mice from 
Taconic Farms (Tac) and Jackson Laboratories (Jax). Bar graph shows CT value for the 
real-time PCR reaction, ND indicates below the level of detection for the assay. (B) 
Representative FACS plots show CD4 verses IL-17 staining gated on gingiva 
CD45+TCRβ+CD4+ T cells of either 24-week old Taconic (n=12) or Jackson Laboratories 
(n=4) mice. Bar graph shows frequency of gingiva IL-17+CD4+ T cell in Taconic and 
Jackson Laboratories mice from 2 separate experiments. (C) PCoA plot based on thetaYC 
distances showing Tac and Jax mice cluster apart, indicating different oral microbiomes. 
p<0.001 as determined by AMOVA. 
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Figure 3.4. Oral microbial composition of Jax and Tac mice. (A) Bar graph depicts mean 
relative abundance of the main phyla found in the oral microbiome of Jax and Tac mice. 
No differences were observed as determined by LEfSe analysis. (B) Bar graph shows the 
most abundant OTUs (2% of the reads in at least one sample) in the oral microbiota of Jax 
and Tac mice. # indicates that the relative abundance of a given OTU was significantly 
higher in Tac mice, according to LEfSe analysis. (C) Bar graph depicts all discriminant 
OTUs as determined by LEfSe. 
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Gingival Th17 cells arise independently of commensal colonization.   

To fully evaluate the role of commensal bacteria in promoting gingival Th17 cells, we 

examined these cells in age-matched germ free (GF) and specific pathogen free (SPF) mice. 

In the skin and GI tract, barrier resident Th17 cells are dramatically reduced in GF mice 

[139, 140], demonstrating that at these barriers Th17 cells are dependent upon commensal 

bacteria colonization. Strikingly, this was not the case in the gingiva, where similar 

frequencies and total number of Th17 cells were seen in both GF and SPF mice (Figure 3.5 

A, B). This differed to what was seen in the GI tract (Figure 3.5C), and shows that in 

contrast to other barrier sites, Th17 accumulation in the gingiva occurs independently of 

bacterial colonization.  

In sum, our data intriguingly show that, contrasting other barrier sites, bacterial 

colonization was not required to promote Th17 cells in the gingiva, highlighting that novel 

factors ensure Th17 cells populate this barrier.  
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Figure 3.5 Th17 accumulation at the oral barrier occurs independently of commensal 
colonization. (A, B) Th17 frequencies were examined in age-matched SPF and GF mice. 
(A) Representative FACS plots show gating for CD4+ T cells in gingiva. Right plots show 
IFNγ versus IL-17 staining in live, CD4+ T cells. (Top row=SPF mice; Bottom row=GF 
mice). (B) Bar graph shows frequency of gingiva IL-17+CD4+ T cells in aged-matched SPF 
(n=6) and GF (n=7) mice from 3 experiments. (C) Bar graph shows frequency of small 
intestine lamina propria (SI Lp) IL-17+CD4+ T cells in SPF (n=5) and GF (n=5) mice from 
2 experiments. 
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IV. Discussion 

Th17 cells are enriched at barriers where they mediate key protective roles [139, 140]. 

However, here we show that in health few Th17 cells patrol the gingiva in both young adult 

mice and humans. Nevertheless, this Th17 cell population expanded in the gingiva with 

age. Although increased Th17 differentiation has been reported for T cells from elderly 

humans and mice [167], elevated frequencies of gingival Th17 cells occurred by 24-weeks 

of age. This age-dependent gingival Th17 expansion happened at an earlier time-point than 

has been previously examined and, importantly, one at which increased Th17 cells were 

not seen at any other site analyzed; highlighting specific expansion of this CD4+ T cell fate 

in the gingiva.  

The altered gingival CD4+ T cell network that emerged by 24-weeks of age led us to first 

hypothesize that altered commensal bacteria could be driving increased Th17 cells in older 

mice. In the GI tract and skin, development of Th17 cells is dependent upon commensal 

colonization and, as such, in GF animals Th17 cells are dramatically reduced at these sites 

[139, 140]. Furthermore, Th17 cells in the GI tract have been shown to be commensal-

specific [168] and therefore bacteria are vital for ensuring Th17 cells seed these other sites. 

We have been able to undertake a detailed examination of the oral microbiome of mice, 

and found no significant differences in bacterial biomass, diversity or composition between 

young mice lacking gingival Th17 cells and older mice with gingival Th17 cells. As 

bacterial metabolites have been shown to modulate CD4+ T cell differentiation [156, 169] 

it remained possible that commensal-mediated effects would not be visible at a species 

level. Therefore, to fully understand the contribution of commensal bacteria to gingival 

Th17 cells we examined GF mice. We demonstrated that gingiva Th17 cells are present in 
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GF animals outlining that a commensal colonization independent mechanism must ensure 

their accumulation. These data strikingly differ to that at other barriers and suggested that 

novel mechanisms operate in the gingiva to control CD4+ T cell effector function. Perhaps 

most intriguingly, our data contrast what has been reported for Th17 cell development in 

the tongue, a physiologically distinct barrier in the oral cavity [170]. Tongue resident Th17 

cells develop in a commensal-dependent manner, further highlighting the novel pathways 

of gingival CD4+ T cell education. 

In sum, while a full understanding of host-commensal cross-talk in calibrating steady-state 

immunity in the gingiva remains to be determined, here we demonstrate that accumulation 

of Th17 cells in the gingiva is not driven by commensal colonization; this starkly contrasts 

developmental requirements for these cells at other barrier sites in which the microbiota 

has a fundamental role. These data provide novel insight into tissue training of immunity 

at the gingiva, outlining that microbial derived signals are dispensable for tailoring immune 

responses at this site and suggesting that other mechanisms are modulating pathogenic 

gingival Th17-responses. 
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CHAPTER IV 

Consequences of loss of function STAT3 mutations on the oral mucosal 

bacteriome/mycobiome 

I. Introduction  

Single gene disruptions in patients have revealed the function of select genes and pathways 

in human biology. In this regard, studies in patients with primary immuno-deficiencies 

(PID, genetic defects affecting the immune system) have uncovered the role of specific 

immune genes and pathways in human immunity [130, 171]. Importantly, certain patient 

populations with PIDs present with susceptibility to infections at mucocutaneous sites 

demonstrating essential pathways of immune-protection at barrier sites. Arguably, immune 

surveillance at barriers is of particular significance as these surfaces of the human body are 

constantly exposed to commensal microbiota and often pathogens [138]. Thus, 

perturbations in barrier immunity will disrupt the interplay between commensals and host, 

alter the composition of commensal microbial communities and often lead to infection or 

immunopathology [172, 173].  

Recently, it has become evident that barrier surfaces are equipped with tissue-specific 

protective immune mechanisms largely dedicated to the maintenance of host-microbial 

homeostasis [174, 175]. However, while there is significant understanding regarding the 

immunological systems of barrier compartments such as the lower gastrointestinal (GI) 

tract and skin, host-microbiome interactions at the oral mucosa are much less explored. 

Yet, the oral mucosa is home to a particularly rich and diverse community of commensal 
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microbes [143] (second to the lower GI tract) and is the first site of microbial encounter for 

the immune system upon entry to the GI tract. Consequently, understanding host-microbial 

interactions at this interface is critical [142, 176]. 

To date, one of the patient populations reported to have significant susceptibility to oral 

mucosal infections is the autosomal dominant hyper-IgE syndrome (AD-HIES or Job’s 

syndrome). Such patients harbor loss of function (LOF) mutations in the signal transducer 

and activator of transcription (STAT) 3 gene [177, 178], and have been classically 

characterized by a triad of clinical signs comprising eczema, recurrent skin and lung 

infections, and extremely elevated levels of serum IgE [179, 180]. At the oral mucosal 

barrier, patients with LOF mutations of STAT3 have been reported to present with 

significant susceptibility to oral Candida infections, indicating a critical role for STAT3 

mediated oral immunity in Candida immune-surveillance [181, 182]. In the immune 

system, STAT3 is a key transcription factor downstream of cytokine signaling from IL-6, 

IL-21, IL-10, IL-23 among other immune mediators. STAT3 is also defined as a key 

transcription factor in the differentiation of the T helper cell subset Th17 [36, 183]. Th17 

cells have been shown to play a primary role in maintenance of barrier integrity as well as 

in host defense particularly against extracellular bacteria and fungi [24, 68, 69, 159]. At 

the oral mucosa, Th17 cells have been shown to mediate anti-fungal immunity through 

secretion of their signature cytokine IL-17 which stimulates the production of antimicrobial 

peptides by epithelial cells [101, 184]. Indeed, humans and mouse models with defects in 

IL-17 signaling present with increased susceptibility to oral fungal infections [103-105, 

185]. In AD-HIES as well, oral mucosal candidiasis has been linked to defective Th17 

differentiation and decreased production of select antimicrobial peptides [78, 102, 186]. 
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To date, the oral mucosal fungal and bacterial communities in patients with AD-HIES have 

not been completely detailed and the related oral fungal lesions have not been 

characterized. Therefore, our current study, through characterization of oral mucosal fungal 

and bacterial communities in AD-HIES, aims to further our understanding of consequences 

of LOF STAT3 on oral mucosal immunity and establishment of the mucosal mycobiome 

and bacteriome. 

 

II. Materials and Methods 

Patient characterization 

Diagnosis of Autosomal Dominant Hyper-IgE syndrome was performed using a HIES 

scoring system that considers the main immunologic/non-immunologic disease 

manifestations, as previously described [187] and confirmed by the presence of LOF 

mutations in the STAT3 gene. Approximate age and gender matched healthy subjects were 

included as a healthy control population and had no significant medical history. All 

demographic and relevant medical/dental clinical information was recorded. Clinical 

evaluation, and Research sampling was conducted under Institutional Review Board 

Approved protocols (NIDCR and NIAID from NIH). All participants provided informed 

consent.     

 

Oral examination and microbiome sample collection 

Questionnaires of dental history were completed for all patients. Data related to dental/oral 

findings including history of recurrent oral thrush, recurrent oral ulcers, xerostomia 

(subjective reporting combined with minimal or no unstimulated saliva) and severe caries 
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susceptibility (defined as generalized carious lesions or restorations on >30% of dentition) 

were recorded. All AD-HIES patients and healthy volunteers received an oral examination 

and a panoramic radiograph. Clinical diagnosis of oral candidiasis in AD-HIES individuals 

was made upon detection of white lesions that rub off with gauze. Caries status 

determination was performed recording the DMFT (Decayed Missing Filled Teeth) Index 

using panoramic radiographs. Patients were given instructions to not eat, drink anything 

other than water or chew gum 2 hrs before sample collection and refrain from oral hygiene 

for 12 hrs before sampling. Samples for oral mucosal microbiome analyses were collected 

from tongue dorsum and buccal mucosa areas by rubbing for 10 s using CatchAll swabs 

(Epicentre), which were then placed in Yeast Lysis buffer (Epicentre) and stored at -80 °C 

until processing. Patients with xerostomia were excluded from research sampling 

procedures. 

 

Saliva sample collection and S100A9 ELISA  

Unstimulated saliva samples were obtained by expectoration into a polypropylene tube 

kept on ice for 5 min. Saliva samples were centrifuged at 2,600 g for 15 min, then the 

supernatant was recovered and proteinase inhibitors (Roche) were added, samples were 

stored at -80 °C until processing. S100A9 protein levels were measured using an ELISA 

based-kit (R&D), following the manufacturer’s instructions.    
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DNA isolation, library preparation and sequencing  

DNA was extracted using the protocol previously detailed in Jo et al. [188]. Briefly, oral 

mucosal swab samples were subjected to an enzymatic lysis step that included the addition 

of ReadyLyse Lysozyme solution (Epicentre) and a 1 hr. incubation at 37 °C in a shaking 

thermal block. To mechanically dissociate fungal and bacterial cells walls, two steel beads 

(5-mm, Qiagen) were added to each tube to perform a bead-beating step in a TissueLyser 

(Qiagen) for 2 min at 30 Hz.  Then, samples were incubated at 65°C for 30 min to finalize 

lysis followed by addition of the MPC Reagent (Epicentre) and their processing continued 

using the PureLink Genomic DNA Kit (Invitrogen) according the manufacturer’s 

instructions. DNA was eluted in 35 µl of PCR grade water (MoBio). 

For 16SrRNA gene amplicon sequencing, the V1-V3 region was amplified using the 

primers V1_27F (5’ CCT ATC CCC TGT GTG CCT TGG CAG TCT CAG AGA GTT 

TGA TCC TGG CTC AG) and V3_534R (5’-CAG CAC GCA TTA CCG CGG CTG CTG 

G) [189]. For ITS1 amplicon sequencing, the ITS1 region was amplified using the primers 

18SF (5’-CCT ATC CCC TGT GTG CCT TGG CAG TCT CAG GTA AAA GTC GTA 

ACA AGG TTT C) and 5.8S-1R (5’-GTT CAA AGA YTC GAT GAT TCA C) [189]. 

Both primer pairs (for 16SrRNA V1-V3 and ITS1) included 5’ and 3’ linker sequences, 

heterogeneity spacers and index identifiers to allow dual-indexing as previously described 

[148]. The PCR reaction for 16SrRNA and ITS1 amplification were the following:  2.5 µl 

10X PCR buffer, 4 µl dNTP mix, 0.25 µl Taq polymerase (Takara), 1 µl of each Forward 

and Reverse primer, 2.5 µl of isolated microbial DNA and 13.75 µl of PCR grade water. 

The thermal cycling conditions for 16SrRNA gene library amplification included an initial 
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denaturation step of 95°C for 2 min. and 30 cycles of denaturation at 95°C for 20 s, 

annealing at 56°C for 30 s and extension at 72°C for 60 s. The thermal cycling conditions 

for ITS1 gene library amplification included an initial denaturation step of 95°C for 2 min., 

30 cycles of denaturation at 95°C for 30 s, annealing at 50°C for 30 s and extension at 72°C 

for 2 min and a final extension at 72°C for 5 min. PCR reactions were carried out in 

duplicate, then PCR products were combined, purified using Agencourt AMPureXP 

(Beckman Coulter) and quantified via Quant-IT dsDNA Kit (Life Technologies). 

Approximately equivalent amounts of each PCR product were then combined and purified 

using the MinElute PCR purification kit (Qiagen) and sequenced at the NIH Intramural 

Sequencing Center on an Illumina MiSeq platform.             

 

16SrRNA gene amplicon sequence analysis pipeline 

Reads were processed using the software Mothur [150]. Pre-processing steps included 

contig assembly, trimming (primers, spacers and indices) and size filtering to include 

sequences with a maximum length of 510 bp and no ambiguous base calls. Sequences were 

then processed according to an established Mothur-based pipeline [151]. Chimaeric 

sequences were detected using UCHIME [190] as implemented in Mothur and 

subsequently removed. For taxonomical assignment, we performed a phylotype analysis 

using the Human Oral Microbiome Database (HOMD) version 14.5 as a reference [191]. 

Reads were classified up to the species level by using the BLAST option and the k-nearest 

neighbor algorithm within Mothur following the parameters established and validated by 

Al-Hebshi et al. [192].  
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ITS1 gene amplicon sequence analysis pipeline 

Reads were pre-processed and chimaeric sequences removed following the same 

procedures described for the 16S rRNA amplicon data (see above). For taxonomical 

classification, we used a modified version of a previously generated custom fungal ITS1 

reference database [189]. Modifications included a revision of fungal nomenclature, as 

synonym fungal genera were collapsed and given a consensus genus name according to the 

recommendation of Dupuy et al. [193] and current literature. Additionally, sequences 

belonging to Aspergillus/Emericella genera were manually curated by eliminating a 

fraction of them that were misclassified as fungi. With this updated ITS1 database as our 

reference, sequences were classified down to the genus level by BLAST and the k-nearest 

neighbor algorithm in Mothur using the parameters previously determined and validated 

by Findley et al. [189].  

Candida ITS1 reads were further classified to species level following the same procedures 

previously described for Malassezia speciation [189]. Briefly, Candida sequences were 

extracted from our data-set through the get.lineage command in Mothur. We then 

constructed a Candida ITS1 reference package by retrieving and aligning Candida type-

strain ITS1 sequences. This manually curated Candida ITS1 database was used for 

phylogenetic classification of Candida reads via the pplacer software package [194], 

considering a likelihood score higher than 0.65.  

 

Alpha and beta-diversity estimates for 16S rRNA and ITS1 data 

Measures of community diversity (non-parametric Shannon Index), community structure 

(Yue-Clayton Theta Index) and membership (Jaccard Index) were calculated using Mothur, 
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after subsampling at 25,000 reads per sample for 16S rRNA data and 3,000 reads for ITS1 

data. These metrics were constructed based on species-level taxonomic units for 16S rRNA 

and genus-level for ITS1 (with the exception of Candida that was speciated). The lower 

subsampling cut-off for fungal data was due to the lower amount of sequences recovered 

in samples from healthy controls. Principal Coordinates Analyses (PCoA) was performed 

in Mothur. 

 

Quantification of Streptococcus and Candida biomass 

Determination of Streptococcus load was performed via real-time PCR using 16SrRNA 

gene-based primers, as previously described [136]. The standard curves consisted of 

genomic DNA of Streptococcus gordonii ATCC 35105 which was serially diluted to obtain 

a range from 102 to 108 16S rRNA gene molecules. PCR reactions were carried out using 

a final volume of 50 µl, each reaction consisted of 25 µl of SYBR Green PCR Master Mix 

(Life Technologies), 500 nM of each primer, 1 µl of DNA from each sample and PCR 

water (MoBio). Thermal cycle conditions comprised 95°C 10 min and 40 cycles of 95°C 

for 15 s and 60°C for 1 min. A melting curve analysis for Streptococcus PCR products was 

performed revealed a single sharp peak confirming the specificity of the assay.      

For quantification of Candida albicans burden, real-time PCR reactions were run using 8 

ng of total DNA mixed with 500 nM C. albicans specific primers (that target the SAP5 

gene) [195] and PerfecTa SYBR Green Fastmix (Quanta Biosciences). The cycling 

protocol involved an initial denaturation step at 95°C for 3 minutes, followed by 40 cycles 

of 95°C for 15 s and 60°C for 1 min. C. albicans genome copy values were calculated from 

a standard curve prepared using DNA isolated from pure C. albicans cultures. This 
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quantitation was performed taking into consideration that the C. albicans genome harbors 

a single copy of the SAP5 gene, and since this yeast has a diploid genome, there are 2 

copies of the SAP5 gene in 1 CFU equivalent genome, allowing direct extrapolation from 

CFUs to genome equivalents. Briefly, 9x108 blastospores of C. albicans were re-suspended 

in 300 µl of sterile TENTS (10mM Tris-HCl, pH 8.0 containing 1mM EDTA, 100mM 

NaCl, 2% Triton X-100 and 1% SDS) and DNA isolation was done as described previously 

[196].  

All real-time assays were performed in a 7500 Real-Time PCR system (Life Technologies) 

and PCR reactions were carried out in triplicate. 

 

Statistical analyses  

Patient demographic data (age) were compared via unpaired t test. Differences in the non-

parametric Shannon Diversity Index, number of taxa (fungal/bacterial) and real-time data 

between healthy controls and all AD-HIES samples combined, were assessed using 

unpaired t tests or Mann-Whitney tests depending on normal data distribution. 

Dissimilarities in alpha diversity, number of taxa and real-time data among healthy 

controls, unaffected and affected AD-HIES samples were determined using One-Way 

ANOVA or Kruskall- Wallis tests according to data distribution. Comparisons for S100A9 

levels and DMFT scores between Health and AD-HIES patient were assessed using Mann-

Whitney tests.  

For 16SrRNA and ITS1 sequencing data, differences in relative abundance between groups 

was evaluated using LEfSe [153] considering 0.01 as the alpha value for statistical testing. 

Analysis of Molecular Variance (AMOVA) was used to test differences for PCoA analyses 
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of community structure and membership. All graphs and analyses were generated using R 

software. 

 

III. Results  

LOF STAT3 mutations in humans are linked to severe susceptibility to oral candidiasis 

To examine consequences of LOF STAT3 on oral mucosal immunity and 

bacteriome/mycobiome, we recruited a large cohort of AD-HIES patients for clinical 

evaluation and research studies. AD-HIES diagnosis was based on clinical phenotype and 

confirmed by detection of mutations in the STAT3 gene. We clinically examined our entire 

AD-HIES cohort (n=36), for presence of oral manifestations and obtained detailed medical 

and dental histories.  Our results reveal a significant susceptibility to oral candidiasis (as 

previously reported), with 86% of the patients reporting history of recurrent episodes of 

oral thrush (Fig. 4.1A, Table 4.1). Fungal lesions were primarily present on the tongue 

dorsum and buccal mucosal areas (Fig. 4.1B). Other significant intraoral findings in the 

AD-HIES cohort included a history of recurrent oral ulcers and severe dental caries in 

36.1% of the patients, and xerostomia in 19.4 % of patients (Table 4.1). 

Oral mucosal fungal infections in AD-HIES have been previously linked to defects in the 

differentiation of Th17 cells and to reduced production of antimicrobial peptides [102] 

(Fig. 4.1C).  Consistent with decreased production of anti-microbial peptides and 

expanding previous reports, we detected reduced levels of S100A9 levels (a cation-binding 

protein, usually found as Calprotectin) in oral mucosal secretions (saliva) of AD-HIES 

patients, compared to age/matched healthy volunteers (Fig. 4.1D).  
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Table 4.1. Demographic and Clinical Information for the AD-HIES cohort  

Subjects analyzed, (n) 
 

36 
 

 
Age, mean (SD) 
 

 
34.6 (11.9) 

 
Gender, (female:male) 

 

 
(24:12) 

 
Race, n (%) 

Caucasian 
African American 

             Other 

 
 

           30 (83.3%) 
                        2 (5.5%) 
                        4 (11.1%) 

 
History of severe/moderate oral candidiasis 
 

 
33 (86%) 

 
History of recurrent oral ulcers 
 

 
13 (36.1%) 

 
 
Severe dental caries 
 

 
13 (36.1%) 

 
 
Xerostomia 
 

 
7 (19.4%) 
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Figure 4.1. Defects in STAT3-mediated immunity in AD-HIES are associated with 
increased oral candidiasis susceptibility. (A) Pie chart depicts history of oral candidiasis 
susceptibility in AD-HIES (n=36). (B) Representative images of oral candidiasis in AD-
HIES; (i) tongue dorsum (ii) buccal mucosa. (C) Hypothetical Model of STAT3-mediated 
antifungal immunity. STAT3 is a critical transcription factor implicated in Th17 
differentiation. Th17 cells, through secretion of IL-17A stimulate epithelial cells to secrete 
antimicrobial peptides linked to anti-fungal immunity.      (D) Quantification of S100A9 
(constituent of Calprotectin; S100A8/9) protein in saliva of AD-HIES patients and healthy 
controls (n =16, AD-HIES and n=24, Healthy controls) * P < 0.01 as determined by Mann-
Whitney test. 
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STAT3-mediated immunity is essential for commensalism of Candida albicans  

To evaluate consequences of defective STAT3-mediated mucosal immunity on the oral 

mycobiome, we obtained swab samples from AD-HIES patients from distinct mucosal sites 

where Candida infection typically occurs (the tongue dorsum and buccal mucosa). AD-

HIES patients with and without clinically evident fungal infections were included in our 

sampling and analysis (n=18, 9 with active lesions; “affected” and 9 without mucosal 

lesions; “unaffected”) (Table 4.2 and 4.3). 

 

Table 4.2. Demographic information of patient cohorts for microbiome studies 

  
Health 

 
AD-HIES 

Subjects analyzed, n 25 18 

Age, mean (SD) 33.1 (11.3) 35.1 (12.6) 

Gender, (female:male) (16:9) (11:7) 

Race, n (%)  
Caucasian 
African American 
Other 

 
 

15 (60) 

 
 

15 (83.3) 
5 (20) 2 (11.1) 
5 (20) 1 (5.6) 
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Table 4.3. Clinical information for the AD-HIES cohort for microbiome study 

  
Number of patients (% from total) 

 
Active oral candidiasis at time of sampling  
 

 
9 (50%) 

 
Antifungal prophylaxis 
 

Posaconazole 
 
Fluconazole 
 
Itraconazole 
 
Voriconazole 
 

 
11 (61.1%) 

 
6  
 
3  
 
1 
 
1 

 
Antibacterial prophylaxis 
 

Sulfamethoxazole/Trimethoprim 
 
Azithromycin 
 
Doxycycline 
 
Amoxicillin/Clavulanate 
 
Levofloxacin 
 

 
17 (94.4%) 

 
8 
 
4 
 
2 
 
2 
 
1 

 
History of severe/moderate oral candidiasis 
 

 
15 (83.3%) 

 
History of recurrent oral ulcers 
 

 
7 (38.8%) 

 
Severe dental caries 
 

 
8 (44.4%) 

 
Xerostomia  
 

 
2 (11.1%) 
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In all cases, samples were subjected to ITS1 sequencing for characterization of fungal 

communities. Evaluation of the oral mucosal mycobiome in AD-HIES patients, revealed 

distinct mycobiome communities in AD-HIES patients compared to age- and gender-

matched healthy controls (Figs. 4.2A and 4.3A). Mycobiome samples of AD-HIES patients 

significantly separated from those of healthy controls. Affected AD-HIES samples also 

significantly separated from unaffected, based on measures of community structure and 

membership both in tongue and buccal sites (Fig. 4.2A and Fig. 4.3A). Characteristic of 

the AD-HIES mycobiome was significantly decreased diversity of fungal communities 

based on the non-parametric Shannon Index (an ecological measure that considers species 

richness and evenness) and by examination of the number of observed fungal genera. 

candidiasis-affected patients with active fungal lesions had a particularly dramatic decrease 

in mycobiome diversity, even compared to non-affected AD-HIES patients, suggestive of 

a true infection (Fig. 4.2B-C). 
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Figure 4.2. AD-HIES oral mucosal mycobiome differs significantly from Healthy 
controls. (A) Principal Coordinates Analysis (PCoA) based on theta YC distances showing 
that AD-HIES fungal samples cluster apart from healthy controls. P < 0.001 as determined 
by AMOVA comparing HC vs all HIES combined. P < 0.001 as determined by AMOVA 
comparing candidiasis unaffected and affected AD-HIES. (B) Non-parametric Shannon 
Diversity Index Diversity of tongue and buccal fungal communities. # P < 0.0001 as 
determined by Mann-Whitney test (comparing healthy controls to all AD-HIES samples 
combined). ** P < 0.0001 (HC vs A_HIES) and * P < 0.0001 (U_HIES vs A_HIES) as 
determined by Kruskall-Wallis test and Dunn’s multiple comparisons test (comparing 
healthy controls, unaffected and affected AD-HIES). (C) Number of observed fungal 
genera in tongue and buccal communities. # P < 0.0001 as determined by Mann-Whitney 
test (comparing healthy controls to all AD-HIES samples combined). * P < 0.01 (as 
determined by Kruskall-Wallis test and Dunn’s multiple comparisons test (comparing 
healthy controls, unaffected and affected AD-HIES). (D) Candida albicans genome copies 
of tongue and buccal fungal communities from healthy controls and unaffected/affected 
AD-HIES patients. # P < 0.0001 as determined by Mann-Whitney test (comparing Health 
vs all AD-HIES samples combined). * P < 0.0001 as determined by Kruskall-Wallis test 
and Dunn’s multiple comparisons test (compared Health, Unaffected and Affected AD-
HIES). 
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Figure 4.3. Fungal and bacterial communities from AD-HIES cluster apart from 
healthy controls according to community membership. Graphs depict Principal 
Coordinate Analysis (PCoA) based on the community membership metric (Jaccard Index). 
(A) Fungal communities and (B) bacterial communities from tongue and buccal sites.  
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To further characterize the fungal communities associated with AD-HIES we evaluated the 

relative abundance of main fungal taxa in the AD-HIES and health-associated mycobiome. 

We found that fungal communities from affected AD-HIES patients were dominated by 

the genus Candida. In fact, the genus Candida displayed 87.1%-100% abundance in tongue 

and 85%-100% in buccal lesions (Fig. 4.4).  

 

 

Figure 4.4. AD-HIES oral mucosal fungal communities from affected patients are 
dominated by C. albicans. Relative abundance plot depicts the major fungal taxa across 
communities in healthy controls, unaffected AD-HIES and affected HIES. The Candida 
genus was further classified to species level due to abundance and clinical relevance.  

 

Species-level classification of Candida sequences revealed Candida albicans as the most 

abundant and significantly over-represented taxa in all affected AD-HIES communities, 

displaying 84.2%- 100% of relative abundance in tongue samples, and 57.6 %-100% in 

buccal samples (Figs. 4.4 and 4.5), suggesting that oral candidiasis in AD-HIES represents 

a mucosal infection of the commensal Candida albicans. Consistent with this, Candida 

albicans quantitation by real-time PCR showed a significant increase in biomass in AD-
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HIES samples (Fig. 4.2D), particularly in affected patients (2 logs higher than in healthy 

controls and unaffected patients). Interestingly, AD-HIES individuals did not harbor 

unique fungal taxa compared to health. 

 

 

 

 

 

 

 

 

 

 

 

 

Characterization of fungal communities from unaffected AD-HIES patients, also revealed 

communities with less diversity compared to healthy controls. The genus Malassezia and 

Candida dubliniensis were the predominant taxa in the majority of the unaffected AD-

HIES individuals. Increased relative abundance of Candida albicans was observed in select 

unaffected individuals (Fig. 4.4). In addition to our findings in AD-HIES, our evaluation 

also afforded a detailed view of the oral mycobiome in two distinct oral mucosal surfaces, 

Figure 4.5. Differential representation of fungal taxa in AD-HIES and Healthy controls. 
(A) LEfSe analysis comparing fungal taxa in healthy controls vs. all AD-HIES samples 
combined, including affected and unaffected sites. (B) (A)LEfSe analysis comparing fungal 
taxa between affected and unaffected AD-HIES samples. The taxonomical level 
corresponding to each taxon is indicated by s (species), _g (genus) and _p (phylum). 
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in health (Figs. 4.2, 4.3 and 4.4). We observe high variability in fungal composition of 

mycobiome communities in healthy controls, with a predominance of the genus Malassezia 

in both tongue and buccal surfaces. Within the Candida genus, C. albicans was the most 

common species observed in health-associated communities. Candida parapsilosis, 

Boletus and Penicillium were also among the highly abundant fungal taxa present in 

communities from healthy controls. 

Collectively, our characterization of fungal communities in AD-HIES and healthy controls 

demonstrate that oral mucosal fungal infections in AD-HIES are dominated by the 

opportunistic yeast Candida albicans, revealing a specific role for STAT3-mediated 

immunity in containing Candida albicans as a commensal. 

 

Defects in STAT3-mediated immunity are associated with shifts in bacterial communities 

We next aimed to characterize consequences of defective STAT3 immunity on the oral 

mucosal bacterial communities. For this, we performed 16S rRNA gene based sequencing 

on the identical samples analyzed for mycobiome communities. This approach, of 

including both samples from Candida affected and unaffected AD-HIES individuals, 

allowed us to evaluate whether shifts in the microbiome were driven by AD-HIES related 

immunodeficiency or were also related to Candida infection. Our evaluation of the oral 

microbiome in AD-HIES revealed that bacterial communities in AD-HIES clustered 

separately from those of healthy controls based on measures of community structure (Figs. 

4.3B and 4.6A) with significantly decreased diversity and decreased detection of bacterial 

species (Fig. 4.6B-C), particularly in candidiasis-affected patients.  
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Figure 4.6. AD-HIES oral mucosal bacterial communities differ significantly from 
Healthy controls. (A) Principal Coordinates Analysis (PCoA) plot based on theta YC 
distances showing that AD-HIES bacterial samples cluster apart from healthy controls. 
P < 0.001 as determined by AMOVA comparing HC vs all HIES combined. P > 0.05 
as determined by AMOVA comparing candidiasis unaffected and affected AD-HIES. 
(B) Non-parametric Shannon Diversity Index of tongue and buccal bacterial 
communities. # P < 0.0001 and ̂  P < 0.005 as determined by unpaired t test (comparing 
Health vs all AD-HIES samples combined). ** P < 0.0001 (HC vs A_HIES) and * P < 
0.0001 (U_HIES vs A_HIES) as determined by Kruskall-Wallis test and Dunn’s 
multiple comparisons test (comparing healthy controls, unaffected and affected AD-
HIES). (C) Number of observed bacterial species in tongue and buccal communities. # 
P < 0.0001 as determined by Mann-Whitney test (comparing healthy controls to all 
AD-HIES samples combined). ** P < 0.0001 (HC vs A_HIES) and * P < 0.0001 (HC 
vs U_HIES) as determined by Kruskall-Wallis test and Dunn’s multiple comparisons 
test (comparing healthy controls, unaffected and affected AD-HIES). 
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Next, we sought to characterize the composition of bacterial communities in AD-HIES 

patients compared to healthy controls and evaluated the relative abundance of the main 

bacterial taxa. We found that Streptococcus, Prevotella and Rothia, were among the most 

abundant bacterial constituents across all samples (Fig. 4.7).  Evaluation of bacterial taxa 

present in AD-HIES compared to healthy controls, revealed several bacterial taxa 

differentially abundant between groups. Several common oral commensal bacterial species 

and genera including Neisseria, Porphyromonas and Haemophilus had a significantly 

lower relative abundance in AD-HIES while the genus Capnocytophaga and TM7 [G-1] 

were over-represented in the AD-HIES tongue and buccal samples, respectively (Fig 4.8).  

 

 

Figure 4.7. Overview of most abundant bacterial genera in the oral mucosal microbiome 
of AD-HIES compared to healthy controls. Relative abundance plot depicts the major 
fungal bacterial genera in tongue and buccal samples from healthy controls, unaffected 
AD-HIES and affected AD-HIES. 
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Figure 4.8. Differentially represented bacterial genera and species in healthy controls 
and AD-HIES. Graphs depict LEfSe analyses show discriminant taxa in healthy controls 
vs all HIES samples combined at the genus (A) and species (B) level.  
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Candida infection in AD-HIES patients is associated with increased abundance of 

streptococci and associated with increased dental caries susceptibility 

To assess influences of Candida infection on the oral mucosal microbiome, we next 

interrogated differences in bacterial genera in affected compared to non-affected AD-HIES 

patients. Microbial samples from affected AD-HIES displayed an increase in relative 

abundance of Streptococcus genus (Fig. 4.7). The relative abundance of Streptococcus was 

significantly increased in both tongue and buccal mucosa of candidiasis-affected AD-HIES 

patients (Fig. 4.9A). In fact, Streptococcus biomass was also significantly higher in the 

buccal mucosa of AD-HIES samples with highest levels in candidiasis affected AD-HIES 

(Fig. 4.9B). Interestingly, investigating bacterial species over-represented in buccal 

samples from candidiasis affected AD-HIES sites, we found that the relative abundance of 

Streptococcus mutans and Streptococcus oralis was significantly higher (Fig. 4.9C). 

Exploring possible functional consequences of overgrowth of select Streptococcus spp. in 

the oral microbiome of AD-HIES patients we evaluated the presence and severity of 

streptococci-involved oral infections in AD-HIES patients. S. mutans is recognized as the 

main etiologic agent of dental caries and was detected with increased relative abundance 

in candidiasis affected buccal communities. Interestingly, our original clinical examination 

had revealed susceptibility to dental infections in AD-HIES (Table 4.1).  

We therefore, further investigated dental caries susceptibility in AD-HIES patients 

compared to age-gender matched healthy volunteers (n=36/22, AD-HIES/Healthy 

controls). Caries history was evaluated by assessment of missing, decayed and filled teeth 

(DFMT) on dental radiographs from AD-HIES and healthy controls. Our data 

demonstrated a significant increase in prevalence of dental caries in the AD-HIES cohort 
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(Fig. 4.9D). While a causative relationship between Candida infection, streptococcal 

overgrowth and dental infections cannot be conclusively established based on our cross-

sectional study, our data suggest immune defects in AD-HIES underlie susceptibility to 

Candida albicans infection and microbial dysbiosis linked to streptococci overgrowth. 

 

 

Figure 4.9. Increase in oral streptococci and dental caries susceptibility in AD-HIES. 
(A) Differentially represented bacterial genera in affected and unaffected AD-HIES, 
determined via LEfSe analysis. (B) Real-time PCR quantitation of Streptococcus in tongue 
and buccal samples from healthy controls and AD-HIES. # P < 0.01 as determined by 
Mann-Whitney test (comparing healthy controls to all AD-HIES samples combined). * P 
< 0.02 (HC vs A_HIES) as determined by Kruskall-Wallis test and Dunn’s multiple 
comparisons test (comparing healthy controls, unaffected and affected AD-HIES). (C) 
Differentially represented bacterial species found in unaffected and affected AD-HIES, 
determined via LEfSe analysis. (D) Caries prevalence measured using the DMFT 
(Decayed, Missing, Filled Teeth) Index in dental radiographs. * P < 0.03 as determined by 
Mann-Whitney test. 
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IV. Discussion  

Studies in experimental models and humans with defects in IL-17/Th17 have revealed the 

Th17 pathway as a critical mediator of oral mucosal surveillance of Candida albicans [101, 

103-105, 185, 197]. Indeed, defects of Th17 differentiation have been previously 

documented in patients with LOF mutations of STAT3 [78, 186] and linked to candidiasis 

susceptibility [181, 182]. However, consequences of defective STAT3-mediated immunity 

have not been thoroughly evaluated at the oral mucosal barrier in humans.  

Our work aimed to further our understanding of STAT3-mediated mucosal immunity in 

humans and its consequences on the oral mucosal mycobiome and bacteriome. Towards 

this goal, we recruited a large cohort of patients with LOF single gene mutations of STAT3 

(AD-HIES, n=36) and performed combined clinical, immunological and microbiome 

studies at the oral mucosal barrier. Clinical phenotyping of our entire cohort of AD-HIES 

patients confirmed previous reports of increased susceptibility to oral candidiasis [181, 

182], revealing recurrent candidiasis in 86% of the population. Predominant sites affected 

by candidiasis were mucosal areas including the buccal mucosa and dorsum of tongue. 

Importantly, 50% of our patients presented with active oral candidiasis lesions at the time 

of examination allowing for a balanced sampling of actively affected and non-affected 

patients for our microbiome characterization. Additional clinical oral findings in the AD-

HIES cohort included increased susceptibility to oral ulcers and dental caries (36.1%), and 

a fraction of patients reported xerostomia (19%).    

Previously, LOF STAT3 has been associated with defective Th17 mediated- production of 

antimicrobial peptides leading to defective Candida killing in mucosal secretions. 
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Consistent with defects in Th17-mediated production of antimicrobial peptides in AD-

HIES, and expanding previous findings, we document significantly lower concentrations 

of S100A9 (predominantly found as calprotectin) in saliva from AD-HIES patients. 

Importantly, our main focus for this work was to characterize consequences of defective 

STAT3-mediated immunity on fungal and bacterial oral mucosal communities in humans. 

To the best of our knowledge, this report constitutes the first detailed characterization of 

the oral mucosal mycobiome and bacteriome in AD-HIES.  

Our studies revealed that the mycobiome and bacteriome in AD-HIES were distinct from 

those of age/gender matched healthy controls and were characterized by a significantly 

reduced diversity of communities, particularly in the presence of active Candida infection. 

These findings were unlike skin fungal communities in AD-HIES patients which presented 

with higher diversity than healthy controls, reflecting potentially divergent regulatory 

pathways of fungal colonization at various epithelial sites [198].  

By performing molecular characterization of fungal communities in AD-HIES with fungal 

lesions, we observed a dominant infection with the commensal species Candida albicans, 

revealing lack of an exogenous infection in the setting of AD-HIES immunodeficiency and 

demonstrating a critical physiologic role for STAT3-mediated immunity in the 

containment of C. albicans as a commensal.  In fact, Candida albicans was detected by 

qPCR in the majority of healthy volunteers yet its biomass was logarithmically increased 

in AD-HIES, particularly in the setting of infection. However, this is unlike other settings 

of immunodeficiency in which candidiasis has been related to non-albicans species such as 

C. glabrata and C. krusei [199, 200] and associated to long term anti- fungal use. 

Interestingly, in AD-HIES patients, the use of antifungal medications did not predispose to 
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non-albicans infections. Additionally, fungal communities did not significantly differ 

between patients receiving or not antifungal treatment (data not shown). 

Additionally, our studies allowed a first (to our knowledge) characterization of fungal 

communities in distinct oral mucosal sites to date in healthy individuals. Previous studies 

have characterized oral mycobiome in oral rinses and saliva reflecting an overview of 

fungal communities from all oral sites [193, 201, 202]. Evaluation of the health-related 

mycobiome in buccal mucosa and tongue revealed increased intra-individual variability 

with Malassezia being the most commonly shared predominant taxa in healthy individuals 

and in both mucosal sites studied similar to reports on human saliva, nares and skin [189, 

193]. 

We intentionally performed a characterization the oral microbiome in AD-HIES patients 

with/without active Candida infections, to evaluate microbiome shifts in AD-HIES in the 

presence/absence of Candida infection. Bacterial communities in AD-HIES presented with 

reduced diversity and a marked decrease in abundance and presence of common oral 

commensal bacteria, even in the absence of an active fungal infection. These findings may 

be related to the altered immune surveillance in AD-HIES, but also influenced by the 

presence of subclinical Candida infection and by the use of systemic antibiotics in this 

population.  

Finally, evaluation of the oral microbiome in patients with active Candida infection 

revealed consequences of Candida overgrowth on bacterial communities in the setting of 

AD-HIES. We found that active oral candidiasis in AD-HIES is linked to an increased 

proportion of Streptococcus spp. as well as an increase in biomass of streptococci, 

particularly at buccal mucosal sites. Select species of oral streptococci over-represented in 
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Candida affected sites included S. oralis and S. mutans in buccal mucosa sites. These data 

are in line with previous findings demonstrating that oral communities dominated by 

Candida, present with decreased bacterial richness and are predominated by oral 

streptococci and other acidophilic taxa [203, 204]. AD-HIES immunodeficiency with its 

predisposition for Candida infection provides a unique disease model to evaluate oral 

microbiome intracommunity relationships in the context of Candida albicans infection. 

Based on the increased representation and biomass of Streptococcus in candidiasis affected 

sites in AD-HIES, we suspected a synergistic relationship between Candida albicans and 

oral streptococci in oral mucosal communities [205-208]. To date, in vitro data have 

suggested that select oral streptococci will enhance C. albicans virulence by increasing its 

capacity to invade oral tissues [205] and consequently cause severe oral thrush lesions in 

vivo  [207]. Conceivably this cooperative relationship can be operating in AD-HIES, 

further enhancing the severity of candidiasis lesions. However, another well-documented 

aspect of these Candida-oral streptococci interactions, which may also be applicable to 

AD-HIES, is the synergy between C. albicans and Streptococcus mutans. Streptococcus 

mutans has been largely recognized as the key etiologic agent of dental caries due to its 

ability to metabolize dietary sugars into glucans and acid, forming a firmly adherent 

biofilm onto the tooth-surface that ultimately leads to loss of mineralized tissue [208]. C. 

albicans has been shown to amplify the cariogenic potential of S. mutans biofilms by 

increasing exopolysaccharide production, augmenting biofilm biomass and enhancing its 

virulence, which then leads to rampant carious lesions in rodent models [206, 209, 210]. 

Indeed, multiple clinical studies have shown that S. mutans and C. albicans carriage is 

much higher in early-childhood caries and adults with increased carious lesions compared 
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to caries-free individuals [211-215]. Our data further supports the evidence of a cooperative 

interaction between C. albicans and S. mutans, as we have documented a significantly 

increased susceptibility to dental caries in AD-HIES patients compared to healthy controls.  

Taken together, our studies of on a unique patient cohort with single gene disruptions 

linked to mucosal fungal disease examine the contribution of STAT3–mediated immunity 

in the establishment of fungal and bacterial oral commensal communities in humans and 

demonstrate the critical role of STAT3 in surveillance of Candida albicans.  
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CHAPTER V 

Th17 mediated inflammation in LAD-I leads to oral microbial dysbiosis 

that can be reversed through an IL-23/IL-17 blockade   

 

I. Introduction 

Leukocyte adhesion deficiency type I (LAD-I) is a rare primary immunodeficiency caused 

by mutations in the ITGB2 gene that encodes the CD18 protein subunit of b2 integrins, the 

common chain of all b2 integrins. Defective CD18 expression leads to severely reduced 

levels (or even absence) of b2 integrins, which are the molecules required for the firm 

adhesion of neutrophils to the endothelium. Consequently, patients with LAD-I present 

with impaired neutrophil adhesion and extravasation into tissues [216]. The LAD-I 

diagnosis is based on the levels of CD18 expression of circulating neutrophils, which is 

further confirmed by the identification of a CD18 mutation.  Remaining CD18 expression 

levels and/or neutrophil function are important factors that influence the clinical 

presentation of LAD-I, which can be severe or moderate [217]. Clinical features of this 

disease include recurrent and refractory bacterial infections, affecting mostly cutaneous 

and mucosal surfaces.  

A distinctive clinical sign in LAD-I patients is the development of generalized aggressive 

periodontitis that initiates at early ages (during childhood or pre-adolescence, depending 

of disease severity) [218, 219]. Patients with LAD-I usually present with extensive alveolar 

bone loss and experience premature loss of the deciduous and permanent dentition [128, 

218].  
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Historically, LAD-I periodontitis was thought to arise from an invasive infection, as a 

consequence of the severely reduced neutrophil numbers patrolling the periodontal tissues 

[220]. Nonetheless, our previous findings demonstrated that LAD-I periodontal lesions did 

not exhibit an invasive infection and were rather characterized by severe immunopathology 

[128]. This intense inflammatory response in LAD-I periodontitis was dominated by a 

distinct and strong IL-23/IL-17 signature, which was found to ultimately drive periodontal 

tissue destruction [128]. How exaggerated IL-17 responses impact oral microbial 

communities remains minimally explored. Our previous studies indicate that IL-17 driven 

inflammation might have an influence on periodontal communities. These data revealed 

that the inhibition of IL-17 and IL-23 in a murine model of LAD-I was able to significantly 

decrease the oral bacterial burden [128]. Therefore, LAD-I periodontitis offers a unique 

opportunity to study shifts in the subgingival microbiome in the presence of severe IL-17 

dominated inflammation. 

Additionally, our group conducted a study in which a single LAD-I patient (with severe 

periodontitis) was treated with ustekinumab, an antibody treatment that blocks IL-17 

responses [221]. The characterization of the periodontal microbiome of this LAD-I patient 

during IL-23/IL-17 inhibition will contribute to assess the role of IL-17 driven 

inflammation in mediating changes in subgingival microbial communities.     

Our aim was to characterize the subgingival microbiome in a cohort of LAD-I patients, a 

model disease for IL-17-mediated inflammation, and to evaluate the effects of an IL-17 

blockade on the subgingival communities of an LAD-I patient. 
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II. Materials and Methods 

Patient clinical assessment 

The diagnosis of LAD-I was based on the presence of bi-allelic CD18 mutations and 

analyses of CD18 expression on circulating neutrophils using flow cytometry [217]. 

Healthy controls were in good general health and had to fulfill several inclusion and 

exclusion criteria previously described [222]. All procedures involving human subjects had 

approval from the Institutional Review Boards of the NIAID and NIDCR, of the NIH. All 

individuals or guardians provided informed consent or assent to participate in this study. 

 

Oral examination and microbiome sampling 

A complete periodontal examination was performed and included measurements of 

periodontal destruction, namely clinical attachment loss (CAL) and probing depth (PD) in 

millimeters. These periodontal parameters were obtained using a calibrated periodontal 

probe (UNC 15 probe), measuring six sites per tooth in all teeth of each patient excluding 

third molars [223]. Subgingival plaque samples were collected from index teeth using a 

mini-five gracey curette and placed in TE buffer. Samples were stored at -80°C until 

processing.        

 

DNA extraction, library preparation and sequencing 

Bacterial DNA was isolated from subgingival plaque samples using the MasterPure DNA 

Extraction Kit (Epicentre Biotechnologies, Madison, WI). For sequencing library 

preparations, samples were subjected to PCR amplification targeting V1-V2 regions of the 

16SrRNA gene. The fusion primers used for these reactions included the universal primers 
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8F 5’-AGA GTT TGA TCM TGG CTC AG-3’ and 361R 5’CYI ACT GCT GCC TCC 

CGT AG-3’[147]. These primers also contained 5’ and 3’ linker sequences, index 

identifiers and heterogeneity spacers as previously described [148]. PCR reactions were 

carried out in duplicate following the amplification conditions detailed elsewhere [141]. 

16S rRNA amplicons were then purified, quantified, pooled and sequenced using the 

MiSeq Reagent Kit v3 (2x300 cycle) (Illumina).   

 

Sequencing data analyses 

Sequences were pre-processed using the software Mothur [150]. These pre-processing 

steps consisted of paired-end read assembly, barcode trimming, size filtering to include 

reads between 200-400bp with no ambiguous base calls and removal of chimaeric 

sequences. Subsequent processing procedures followed a previously published validated 

protocol [151]. For taxonomical classification, a phylotype approach was performed taking 

as a reference the Human Oral Microbiome Database (HOMD) version 14.5 [191]. 

Sequences were classified to species level using a BLAST based algorithm based on the 

parameters tested and validated by Al-Hebshi et al. [192]. Bacterial diversity estimates 

were obtained within Mothur after subsampling at 14,677 reads. Community structure and 

composition indices (Yue- Clayton Theta Index and Jaccard Index, respectively) and 

Principal Coordinates Analyses (PCoA), were also calculated using Mothur.  

 

Quantification of total bacterial load 

Real-time PCR reactions were carried out to evaluate the total bacterial load of subgingival 

plaque samples as previously described [135]. Briefly, DNA from Streptococcus gordonii 
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ATCC 35105 was extracted and serially diluted to obtain standard curves ranging from 102 

to 108 molecules of the 16SrRNA gene. PCR reactions contained 1 µl DNA from microbial 

samples, and an optimized mixture of TaqMan Gene Expression Master Mix (Life 

Technologies), primers and probe. Amplification was performed in a 7500 Real-Time PCR 

system (Life Technologies) and thermocycler conditions followed the recommendation of 

the master mix manufacturer (Life Technologies).     

 

Statistical analyses 

Differences in total bacterial load and the non-parametric Shannon diversity index were 

determined using Mann-Whitney tests. Significant separation of sample groups after PCoA 

was determined using analysis of molecular variance (AMOVA). Differences in the 

relative abundance of phylotypes were evaluated via LEfSe, using an alpha value of 0.01 

for the Kruskall-Wallis test and a threshold of 3.0 for the logarithmic linear discriminant 

analysis score [153].  

 

III. Results 

LAD-I patients present with increased susceptibility to periodontitis    

Clinical phenotyping of our LAD-I cohort confirmed previous reports indicating an 

increased prevalence of highly destructive periodontal disease in LAD-I [128, 218]. All 

five LAD-I patients included in our study presented with generalized periodontitis, which 

ranged from moderate (n=3) to severe (n=2) according to the current classification for 

periodontal diseases [224]. Our healthy control population consisted of young adults with 
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no significant medical and dental history; without any signs of periodontal disease. 

Demographic and clinical features are summarized in Table 5.1. 

 

Table 5.1. Clinical characterization of patient cohorts. 

Patient ID Age Gender 

 
Full Mouth 

CAL* 

 

PD# mm 
(range) 

Missing 
Teeth Patient cohort 

HV005 22 F 2.28 ± 0.82 < 3 mm 0 Healthy control 
HV007 27 M 2.54 ± 1.12 < 3 mm 0 Healthy control 
HV008 28 M 2.41 ± 1.02 < 3 mm 0 Healthy control 
HV012 24 F 1.92 ± 0.72 < 3 mm 0 Healthy control 
HV019 25 M 2.11 ± 0.72 < 3 mm 0 Healthy control 
HV020 24 F 2.25 ± 0.83 < 3 mm 0 Healthy control 
HV023 25 F 2.54 ± 1.38 < 3 mm 0 Healthy control 
HV028 24 F 1.98 ± 0.96 < 3 mm 0 Healthy control 
ID007 19 M 6.21 ± 2.80 5-6 mm 4 LAD-I 
LAD1 13 M 7.20 ± 0.72 > 7 mm 0 LAD-I 
LAD2 14 M 3.60 ± 0.31 3-4 mm 0 LAD-I 
LAD4 10 F 3.00 ± 0.12 3-4 mm 0 LAD-I 
LAD8 26 M 4.50 ± 0.23 5-6 mm 8 LAD-I 

 

 

LAD-periodontitis communities are characterized by increased bacterial biomass and 

diversity 

LAD-I tooth-associated communities are in direct contact with periodontal tissues affected 

by destructive immunopathology dominated by IL-23/IL-17 responses, thus the 

characterization of these microbial communities will contribute to a better understanding 

of the influence of these dysregulated immune responses in the local microbiome. We 

started by evaluating the total bacterial biomass in LAD-I and healthy controls. Our qPCR 

assessments showed that the LAD-I subgingival communities exhibited a significantly 
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higher bacterial load to that of healthy subjects, confirming previous findings [128, 135] 

(Figure 5.1A). We then investigated the overall a-diversity of bacterial communities, by 

comparing the values of the non-parametric version of the Shannon Diversity Index 

between LAD-I and healthy controls. We found that LAD-I communities exhibit a 

significantly higher microbial diversity than health (Figure 5.1B). These communities also 

displayed a trend for reduced microbial richness, as their number for observed species was 

lower than that of health (109.1 ± 38.5 in LAD-I vs 130.6 ± 45.8 in Health), which is in 

agreement with previous findings [135].  

Next, we evaluated differences in global community structure using Principal Coordinate 

Analyses (PCoA) based on the ThetaYC Index. These analyses revealed that LAD-I 

samples clustered apart from healthy controls and this separation was significant (Figure 

5.1C). There were also significant differences observed using PCoA of community 

composition measures (Jaccard Index) between LAD-I and healthy controls (data not 

shown).       
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Figure 5.1. Bacterial load and diversity of LAD-I subgingival communities. (A) Total 
bacterial load in healthy controls and LAD-I samples (quantified via qPCR). Bacterial load 
values are expressed as log (10) of the 16S rRNA gene copy number. *** P < 0.0001 using 
Mann-Whitney test. (B) Non-parametric Shannon Diversity Index values per group (Health 
and LAD-I). * P < 0.04 determined by Mann-Whitney test. (C) PCoA plot based on theta 
YC distances showing significant differences (AMOVA, P < 0.001) in global community 
structure between healthy volunteers and LAD-I communities. Each circle represents a 
subgingival site, three sites were included per individual. 

 

Bacterial composition of the LAD-I subgingival microbiome 

We then analyzed the subgingival microbial profiles of LAD-I and healthy controls. An 

overview of the most abundant bacterial genera across our data-set showed that LAD-I 

subgingival communities are distinct and were characterized by significantly increased 

proportions of Leptotrichia, Selenomonas and Prevotella among other taxa (Figure 5.2 and 

Figure 5.3A).  
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Figure 5.2. Overview of main bacterial taxa in Health and LAD-I. Relative abundances 
of the 23 major bacterial genera from subgingival communities in healthy controls and 
LAD-I. Each bar represents a subgingival site, three sites were included per individual. 
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Figure 5.3. Differentially represented taxa at the genus and species level in LAD-I 
compared to health. Graph depicts all discriminant bacterial taxa at the genus (A) and 
species (B) level as determined by LEfSe (LDA score > 3.0).    
 

 

Health-associated communities presented variable microbial profiles and harbored higher 

relative abundances of Rothia, Alloprevotella and Lautropia, among others when compared 

to LAD-I communities (Figure 5.2 and Figure 5.3A). These bacterial genera over-

represented in healthy controls have been classically associated with periodontal health and 

were represented throughout samples, but are almost absent in LAD-I, which might 

indicate these communities are undergoing dysbiotic changes. Interestingly, microbial 

communities from LAD-I patients with the highest degree of periodontal destruction 

(ID007 and LAD1) exhibited a consistent expansion of Treponema, a bacterial genus 



 96 

usually found in high abundance in periodontitis-associated communities [225]. 

Differences in bacterial species revealed that a few periodontitis-associated species, such 

as Tannerella sp. HOT 286, Eubacterium brachy and Selenomonas spp. were over-

represented in LAD- I. Several health-associated taxa had a reduced representation in 

LAD-I, these species included Rothia dentocariosa, Alloprevotella tannerae, various 

species belonging to the genera Streptococcus and Actinomyces. These data suggest that 

LAD-I communities are characterized by a depletion of common oral commensals and an 

enrichment of certain bacterial species associated with periodontitis, although signature 

periodontal taxa (i.e. belonging to the “red complex”[226]), were not dominant members 

of the LAD-I microbiome.   

 

Case study of IL-23/IL-17 (p40) blockade on the LAD-I subgingival microbiome 

LAD-I periodontitis is a progressive and refractory disease to current periodontal treatment 

strategies that results almost invariably in loss of the dentition and adjacent alveolar bone 

before adulthood. These clinical features and immunological signature of LAD-I 

periodontitis (characterized by severe immunopathology driven by IL-23/IL-17), were the 

basis for an intervention targeting IL-17 in a patient diagnosed with moderate LAD-I and 

severe periodontal disease, reported in the study of Moutsopoulos et al. [221]. This LAD-

I patient was treated with ustekinumab, an antibody that targets the p40 subunit of IL-12 

and IL-23, blocking subsequent IL-17 responses. The ustekinumab treatment in this 

patient, led to a dramatic decrease in periodontal inflammation and IL-17 mRNA 

expression levels in gingival tissues by 3 weeks and 4 months after treatment, as reported 

previously (Figure 5.4A- B). Descriptive microbiome analyses of corresponding 
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subgingival plaque samples revealed a trend for reduced microbial diversity after 

treatment, which registered the largest decrease by 4 months after treatment (from 2.81 ± 

0.24 at baseline to 1.33 ± 0.62, as measured by the non-parametric Shannon diversity 

Index) (Figure 5.4C). Interestingly, a reduction in periodontal inflammation and gingival 

IL-17A expression was observed simultaneously with this decrease in microbial diversity. 

This finding suggests that this reduction in IL-17 driven inflammation may play a role in 

the change in diversity found in these communities.  

An overview of the most abundant bacterial genera in this patient depicted changes in 

microbial profiles after treatment, which were particularly evident at the 4-month time-

point, as these communities exhibited a remarkable increase in the relative abundance of 

Streptococcus (accounting for more than 50% of the relative abundance of genera) (Figure 

5.4D). This dominance of Streptococcus after treatment, which is a known health-

associated bacterial genus, might indicate that the IL-17 inhibition treatment has the 

potential to modulate bacterial communities in a beneficial manner.   

Taken together, these data suggest that LAD-I periodontitis is associated with bacterial 

dysbiosis and that an IL-23/IL-17 blockade might have a favorable impact on subgingival 

microbial communities.     
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Figure 5.4. Impact of an IL-23/IL-17 blockade on the subgingival microbiome of a single 
LAD-I patient. (A) Periodontal inflammation assessment (expressed as percentage of sites 
with bleeding on probing) according to time relative to treatment. (B) Graph shows relative 
levels of expression of IL-17A mRNA in gingival tissues before and during treatment. (C) 
Non-parametric Shannon diversity Index for subgingival communities according to time 
relative to treatment, three microbial samples were analyzed per time-point. (D) Overview 
of major bacterial genera before and after treatment, three microbial samples were analyzed 
per time-point. (A) and (B) were adapted and included with the permission of 
Moutsopoulos et al. [221]. 
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IV. Discussion 

LAD-I is characterized by the presence of severe periodontitis early in life, that is usually 

progressive and refractory to periodontal treatment, leading to loss of all teeth and alveolar 

bone [128, 218]. A critical aspect of LAD-I periodontitis pathogenesis is the dysregulation 

of the IL-23/IL-17 axis, which leads to a dramatic increase in IL-17 levels in gingival 

tissues [128]. Similarly, periodontal inflammation in chronic periodontitis also displays a 

dominant IL-17 response [221, 222]. This common IL-17 signature in both clinical 

conditions (LAD-I and chronic periodontitis), suggests that this pathway plays a key role 

in driving periodontal destruction. Therefore, understanding the influence of heightened 

IL-17 responses on the subgingival microbiome is critical, as these communities are 

recognized triggers for these dysregulated immune responses [135]. Our present study 

aimed to evaluate the bacterial composition of the subgingival microbiome in a setting of 

exaggerated IL-17 responses (LAD-I periodontitis) and to assess the effects of an IL-23/IL-

17 blockade on the microbiome in the same disease. The characterization of the subgingival 

microbial communities in LAD-I periodontitis allowed us to start investigating the 

influence of IL-17 dominated inflammation in the local microbiome. Additionally, through 

the study of a case report, we began to explore the consequences of inhibiting IL-17 driven 

inflammation in subgingival microbial communities.  

LAD-I subgingival communities were characterized by an increase in total bacterial load, 

in agreement with previous studies conducted in this patient population [128, 135]. 

Likewise, clinically inflamed sites in the setting of chronic periodontitis also exhibit 

increased bacterial biomass [136], suggesting an influence of IL-17 dominated 

inflammation as a driver of microbial dysbiosis. In fact, in a murine model of LAD-I the 
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blockade of IL-17 and IL-23 indicated that these responses may have an impact on 

subgingival microbial communities, as it decreased the total load of cultivable anaerobic 

bacteria [128]. This inhibition of IL-17 and IL-23 was also associated with a considerable 

reduction of inflammation. Interestingly, it has been hypothesized that periodontal 

inflammation would enrich the nutritional landscape allowing the periodontitis-associated 

communities to enhance their biomass and complexity [137]. However, the specific 

mechanisms by which inflammation is exerting these effects remain unclear.  

Microbial diversity was also higher in LAD-I samples than in healthy controls, a feature 

that is also seen during chronic periodontitis [136, 144]. Yet, LAD-I communities harbored 

a reduced number of detected species, which is different to that of chronic periodontitis 

where the number of observed species is considerable higher than in health. This finding 

together with the fact that several health-associated species were reduced in LAD-I 

samples, suggests a depletion of commensal microbial taxa which has been previously 

described in this cohort [135]. Chronic antibiotic exposure in this patient population could 

be related to the reduction of health-associated bacteria seen in LAD-I, although more 

studies would be required to elucidate the precise contribution of this factor.  

Microbial communities in LAD-I displayed a distinct microbial structure and composition 

when compared to healthy controls. The LAD-I subgingival microbiome presented 

increased proportions of select anaerobic bacteria that were previously associated with 

chronic periodontitis (i.e. Prevotella and Selenomonas spp.) [136, 144]. Nevertheless, 

bacterial species traditionally associated with chronic and aggressive periodontitis (i.e. 

Porphyromonas gingivalis and Aggregatibacter actinomyctemcomitans) were not 

differentially represented, being present at low levels or not detected in this LAD-I cohort, 
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as described in a previous study [135]. Despite the fact that LAD-I communities do not 

present a similar bacterial profile than aggressive forms of periodontitis, our findings 

indicate that these communities present signs of dysbiosis. Indeed, it has been shown that 

LAD-I subgingival communities have the potential to selectively induce IL-23 mediated 

responses, whereas health-associated subgingival plaque does not [135].  

 

In this present study, we also had the unique opportunity to evaluate the effects of an IL-

23/IL-17 blockade treatment on the subgingival microbiome through a case study of an 

LAD-I patient [221]. Upon ustekinumab treatment, we observed a decrease in microbial 

diversity and this was linked to a concomitant reduction in periodontal inflammation and 

IL-17 mRNA expression. This reduction in diversity could be considered an indicator of a 

microbial shift towards periodontal health, as health-associated communities exhibit lower 

bacterial diversity than periodontitis-affected sites [136, 144]. It has been proposed that a 

decrease in diversity of local communities constitutes one of the main microbial outcomes 

of periodontal treatment for chronic periodontitis [227]. In our LAD-I patient, conventional 

periodontal treatment (sampling time-point baseline 2) was associated with a minimal 

reduction in diversity, but in combination with ustekinumab had an important effect 

decreasing this parameter. Additionally, we observed an effect of ustekinumab treatment 

on the profile of subgingival communities evident at 4 months after treatment, which was 

characterized by a dominance of Streptococcus. Streptococcus spp. have been traditionally 

identified as dominant members of microbial communities during periodontal health [225]. 

This microbial shift might indicate that reduction of IL-17 driven inflammation may restore 

environmental conditions compatible with the growth of health-associated species.  
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In summary, our findings indicate that over-abundant IL-17 responses are linked to 

dysbiosis of the subgingival microbiota in the context of LAD-I periodontitis. Also, these 

data constitute a first approximation suggesting that IL-23/IL-17 have the potential to 

reverse microbial imbalance in the context of LAD-I periodontitis. Future studies would 

be instrumental to conclusively address the impact of IL-17 responses in the periodontal 

microbiome. 
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CHAPTER VI 

Concluding Remarks 

Our work explores host-microbiome interactions at the oral mucosa, with a focus on Th17 

immunity. Th17 cells have been shown to play a critical role in mucosal immunity at other 

barrier sites and their induction has been documented to rely on select commensal bacteria. 

However, little was known regarding the induction of Th17 at the oral barrier and their role 

in surveillance of the oral microbiome had not been previously explored in humans. We 

therefore performed studies to evaluate the regulation of Th17 cells at the oral barrier and 

their role in microbial surveillance. 

Our initial aim was to evaluate the role of oral bacterial communities as triggers for 

physiologic induction of Th17 cells at the oral barrier.  Our studies revealed that, unlike 

the skin and gastrointestinal tract where Th17 cells develop in response to commensal 

microbe colonization, at the oral barrier Th17 induction occurs independent of microbial 

colonization, highlighting unique requirements for Th17 development in the oral mucosa.        

While commensals were not essential in the induction of homeostatic Th17 immunity, we 

reasoned that Th17 responses will be critical in immune surveillance at the oral barrier. 

Hence, we wanted to determine the impact of blunted Th17 responses on oral mucosal 

infections (bacterial and fungal) and microbial colonization. To address this question, we 

characterized the clinical phenotype and microbiome in patients with genetic defects linked 

to impaired Th17 differentiation (Autosomal-Dominant Hyper IgE Syndrome, AD-HIES). 

AD-HIES patients harbor loss of function mutations in the STAT3 gene, which is a critical 

regulator of Th17 differentiation. We document significant susceptibility to oral mucosal 

candidiasis (86%) in our cohort of AD-HIES patients and an overgrowth of Candida 
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albicans within the lesions of oral candidiasis, reflecting a critical role for oral Th17 cells 

in the containment of this commensal fungi. Interestingly, the characterization of bacterial 

communities in these patients revealed reduced diversity with overgrowth of oral 

streptococci, particularly in the setting of active Candida infection. This work reveals the 

role of oral Th17 in Candida albicans containment and in the establishment of the oral 

microbiome.  

Finally, we sought to assess the contribution of excessive Th17 responses on oral microbial 

communities. Exaggerated IL-17 dependent responses have been associated with 

inflammation in the oral cavity, particularly during periodontitis. Therefore, we evaluated 

the subgingival microbiome in patients with excessive IL-17 oral/periodontal 

inflammation. Leukocyte Adhesion Deficiency type I (LAD-I) is a genetic disorder which 

presents with IL-17 dominated periodontitis. Our studies characterized the subgingival 

microbiome in a cohort of patients with LAD-I periodontitis and evaluated the effects of 

therapeutic IL-17 inhibition on the LAD-I microbiome. We found that subgingival 

microbial communities in LAD-I exhibited increased bacterial biomass and diversity to 

that of health, alongside a depletion of commensals and an expansion of select 

periodontitis-associated taxa. Notably, our proof of concept therapeutic inhibition of the 

IL-17 axis in a single patient with LAD, revealed reduction of microbial diversity and a 

marked increase of streptococci post-treatment, suggesting that IL-17 mediated 

inflammation is a trigger for local microbial dysbiosis.   

Collectively, our studies have interrogated the interplay of Th17 immunity with oral 

microbiome and revealed principal roles for Th17 driven immune responses in the 

regulation of the commensal oral microbiome in health and disease.  
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