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ABSTRACT 

HOST-COMMENSAL CROSS TALK AT THE CUTANEOUS INTERFACE 

Shruti Naik 

Yasmine Belkaid 

Our bodyʼs epithelial surfaces are colonized by a diverse array of 

commensal organisms. While the contribution of intestinal commensals to 

metabolism, tissue development, and immunity has been extensively examined, 

the role of flora inhabiting other barrier sites in maintaining host physiology is 

poorly understood. Moreover, how resident commensals control unique 

physiological niches and the mechanisms underlying the host-microbial dialogue 

in distinct tissue sites requires elucidation. In Chapter 2 we find that murine skin, 

similar to human skin, houses unique commensal communities in topologically 

distinct niches. Furthermore, skin sites of both mice and non-human primates 

enriched with commensal niches contain more inflammatory T cells. Given that 

the skin forms a critical interface with the terrestrial environment and is an 

opportunistic site for pathogen entry, this tissue represents a highly relevant 

barrier site for studying the discrete interactions between resident immune cells 

and local flora outside the intestine.  

The findings presented in Chapter 3 support a non-redundant role for the 

resident skin microbiota in setting the cutaneous inflammatory tone. More 

specifically, germ- free mice have an imbalance of effector and regulatory T cells 

in the skin that can be reversed upon addition of skin, but not gut, flora. 
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Additionally, skin commensals act as natural adjuvants, boosting both protective 

immunity and pathology during Leishmania major infection. Thus, signals from 

the indigenous microbiota are necessary for optimal tissue immune fitness and 

function in the skin under steady state conditions and during infectious challenge. 

 In Chapter 4, we identify the interleukin-1 receptor (IL-1R1) as an 

essential regulator of cutaneous T cell function. Accordingly, mice deficient in IL-

1R1 and its downstream signaling adaptor, Myd88, recapitulate the homeostatic 

and immune defects observed in the skin of germ-free mice. Emphasizing the 

partitioning of innate signals in the skin and gut, IL-1 signaling is dispensable for 

intestinal T cell function. Importantly, cutaneous commensals locally amplify IL-

1/MyD88, signaling to tune the function of effector T cells in the dermis. Taken 

together, these studies underscore the importance of the microbiota as a 

distinctive feature of tissue compartmentalization and provide insight into the 

mechanisms of immune regulation by resident commensal niches in health and 

disease. 
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Chapter 1: Introduction 

 

Microbiota In Health and Disease 
 

Mammals have co-evolved with complex communities of commensal 

microbes that reside in various epithelial barrier surfaces and outnumber host 

cells by at least a factor of 10 (Savage, 1977). Far from bystanders, commensals 

play a functional role in host health that is currently being dissected at the genetic 

and mechanistic level (Gevers et al., 2012). For instance, microbiota supplement 

their hostʼs genomes by providing a range of enzymatic functions, integral for 

maintaining host physiology. As such, the microbiota augment our ability to 

extract energy from food and promote the development and function of various 

organ systems, including the immune system (Hooper et al., 2002). In turn, hosts 

provide the microbiota with nutrient-rich environments that are crucial for microbe 

survival. The following description is intended to provide a comprehensive view of 

the evolutionary alliance forged between host and microbe and its implications for 

host health and disease.  

Lessons from germ-free mice: The importance of flora in host development and 

homeostasis. 

 
In the 1600s, Antonie van Leeuwenhoek developed new microscope 

lenses that allowed him to identify single-celled organisms he called 

“animalcules.” The father of microbiology had for the first time observed the 
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microorganisms that were soon implicated as the causative agents of disease. 

Given the abundance of these tiny creatures associated with every surface of our 

bodies, French microbiologist Louis Pasteur postulated that rather than just 

causing maladies, microorganisms may also serve a beneficial role in host 

homeostasis. In fact, in 1885 Pasteur precociously proposed the study of “young 

animals from birth [that were]…totally deprived of microorganisms” (Pasteur, 

1885). Shortly thereafter, Nuttall and Theirfelder actualized Pasteurʼs proposed 

animal model by aseptically acquiring guinea pigs via cesarean section and 

maintaining them under germ-free conditions for a period of ten days (Heinecke, 

1990). A germ-free, or anexic, animal was formally defined as “an animal free of 

bacteria, yeasts, molds, viruses, protozoa, parasites and all other recognizable 

life forms.” Although several attempts to stably establish long-term germ-free 

animals using guinea pigs, goats, chicken, and monkeys were made, it was not 

until the late 1940ʼs that germ-free rodent colonies were established. Fueled by 

advanced knowledge of nutrition and sterile equipment, Reyniers and Gustafsson 

(Gustafsson, 1948; Reyniers et al., 1946) both independently established germ-

free colonies of rats. These advances in germ-free animal models upended the 

perception of microbes solely from acting as agents of disease to symbionts that 

provide vital functions for host heath. 

Early studies with germ-free animals revealed a critical role for microbiota 

in metabolism and nutrient extraction. Morphologically germ-free animals were 

similar to their conventionally raised counterparts. However, because of an 
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inability to process complex polysaccharides, germ-free mice had significantly 

enlarged cecums (Wostmann, 1996). Additionally, in order to maintain similar 

weights as conventionally raised animals, germ-free animals consumed 30% 

more calories (Wostmann et al., 1983). Increased caloric intake was necessary 

to compensate for inefficient energy extraction from food in the absence of flora. 

Recent advances in proteomics technology have allowed for a greater 

appreciation of the central role of the microbiota in nutrient processing and 

energy extraction. Intestinal microbes have a diverse enzymatic repertoire that 

functions to break down complex plant polysaccharides such as cellulose, xylan, 

and pectin that the host is incapable of digesting (Hooper et al., 2002). 

Specifically, members of the phylum Bacteriodetes and Firmicutes that reside in 

the distal gut are endowed with the enzymatic capacity to digest starches into 

monosaccharaides and short chain fatty acids (SCFA), which are then absorbed 

and processed by the host (Hooper et al., 2002). To this end, adult germ-free 

mice conventionalized with normal mouse cecal microbiota exhibited a dramatic 

increase in body fat, hepatic triglycerides, fasting plasma glucose, and insulin 

resistance (Caricilli et al., 2011; Nicholson et al., 2012; Tilg and Kaser, 2011). 

Reinforcing the role of flora in energy homeostasis, a recent report observed that 

administration of sub-therapeutic doses of antibiotics early in life was associated 

with perturbations of the intestinal bacteroidetes/firmicutes ratio and increased 

accumulation of fat mass relative to total body weight (Cho et al., 2012). 

Additionally, both the composition of gut flora and its enzymatic repertoire in 



www.manaraa.com

	
  

4	
  

obese mice and people are significantly different than those of healthy 

individuals, indicating that alterations in the intestinal microbiota adversely impact 

host energy homeostasis (Turnbaugh et al., 2009; Turnbaugh et al., 2006). Thus, 

by facilitating efficient processing of caloric intake and nutrient absorption, the 

intestinal microbiota control host metabolic homeostasis. 

In addition to globally controlling host metabolism, the microbiota also 

regulate the formation and structure of the intestinal barrier. A single layer of 

columnar epithelia, intended for optimal absorption of nutrient metabolites and 

segregation of resident microbes from host tissues, lines the wall of the intestine. 

Importantly, the formation of this physical barrier is critically dependent upon 

signals from the microbiota (Renz et al., 2012). The permeability of the intestinal 

barrier is regulated by commensals via modulation of epithelial tight junctions; 

this process helps limit bacterial penetration into the lamina propria (Ulluwishewa 

et al., 2011). Furthermore, early studies in hydra performed by Rahat and 

Dimentman showed that commensal signals were essential for epithelial 

proliferation (Rahat and Dimentman, 1982). Extending these finds to the 

mammalian intestine, postnatal epithelial activation and turnover were dependent 

on exposure to microbial ligands (Abrams et al., 1963; Renz et al., 2012). In 

addition to controlling steady-state epithelial turnover, commensal interactions 

are necessary for epithelial migration and wound closure after tissue damage 

(Swanson et al., 2011). Commensal bacteria also control other aspects of 

intestinal tissue function, such as angiogenesis (Reinhardt et al., 2012). Thus 
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sensing of commensals by epithelial cells is critical for optimal barrier formation 

and function.  

The sheer magnitude of commensals residing in the intestine and the 

permissiveness of the small intestinal epithelia prompts the formation of an 

immunological barrier that functions to reinforce the physical epithelial barrier and 

provide protection to the host. As such, the mucosal immune system is tasked 

with corralling commensals that reside in the gastrointestinal (GI) tract and 

simultaneously protecting the host from invading pathogens. Studies using germ-

free mice, mice treated with oral antibiotics, or mice lacking commensal sensing 

receptors have demonstrated that microbial stimulation has profound effects on 

immune cell development and function in each of the three small intestinal 

compartments: intraepithelial lymphocytes, intestinal lamina propria, and peyerʼs 

patches (Hooper et al., 2012). Although microbial interactions impact various 

aspects of the innate immune system, for brevity, this discussion will be limited to 

the impact of the flora on the adaptive immune system.  

One of the first immunological defects observed in germ-free mice was the 

loss of secretory Immunoglobulin A (Puel et al.). Moreau and colleagues 

observed a marked reduction in IgA production in the intestines of axenic mice 

that was reversible upon microbial conventionalization (Moreau et al., 1978). 

Numerous reports have now shown that IgA is secreted into the gut lumen, 

where it coats commensal bacteria and limits their penetration into host tissue, 

thereby highlighting a reciprocal relationship between host immunity and 
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intestinal microbes (Macpherson and Uhr, 2004a). Additionally, shifts in the 

composition of the microbiota are observed in the absence of luminal IgA, 

suggesting that the host may utilize immune mechanisms to specifically modulate 

the type and location of its intestinal flora (Fagarasan et al., 2002). A cornerstone 

study emphasized the “supply and demand” aspect of the intestinal IgA response 

by associating germ-free mice with transiently colonizing bacteria. This reversible 

colonization system revealed that IgA production was dynamically controlled by 

the presence of bacteria and suggested the evolution of a system that could tailor 

its antibody repertoire to existing commensal content (Hapfelmeier et al., 2010). 

Dendritic cells (DCs) sample luminal contents and migrate to gut-draining 

lymphoid tissue, where they promote plasma cell formation and the production of 

IgA. Indeed, in the absence of commensals, peyerʼs patches and mesenteric 

lymph nodes have few or no active germinal centers (Macpherson and Uhr, 

2004b). Furthermore, commensal ligation of Toll-Like Receptors (TLRs) on 

intestinal epithelial cells can lead to localized IgA2 class switching (He et al., 

2007).  

A considerable number of effector, killer, and regulatory T lymphocytes 

reside in the intestinal lamina propria and are integrated into the epithelial lining 

of the small intestine. The numbers and frequencies of CD4+ and CD8+ T cells in 

the small intestine are dramatically reduced in the absence of commensals 

(Cebra, 1999). This effect is most prominently observed in intraepithelial 

lymphocytes (IELs) populations that are reduced tenfold in germ-free mice 
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(Imaoka et al., 1996). In addition to controlling the number of T lymphocytes, 

commensals and their by-products dynamically regulate the balance of IL-17A 

and IFN-γ-producing effectors and Foxp3+ T regulatory cells (Tregs) in the 

intestinal lamina propria (Ivanov et al., 2008). For instance, germ-free mice, mice 

lacking TLR9 a critical sensor of gut flora DNA, as well as orally antibiotic-treated 

mice exhibit a dramatic reduction in IL-17A production with a concomitant 

accumulation of Tregs in the small bowel under homeostatic conditions (Hall et al., 

2008). This disequilibrium in the composition of intestinal lymphocytes can be 

reversed upon association of germ-free mice with bacteria or their by products.  

Systematic colonization of germ-free mice with defined microbes or 

communities has highlighted the role of specific microbes or their individual 

byproducts in immunity. For example, segmented filamentous bacteria (SFB) are 

a class of bacteria that are intimately associated with the intestinal epithelia and 

induce the maturation of intestinal lymphocytes and production of IL-17A (Ivanov 

et al., 2009).  Similarly, Polysaccharide A (PSA) derived from Bacteriodeties 

fragilis induces IL-10 production from dendritic cells and T cells (Mazmanian and 

Kasper, 2006). Importantly, metabolic byproducts derived from commensals 

processing of dietary factors such as ATP and SCFA can also modulate the 

function of various immune cell populations (Hooper et al., 2012). Collectively, 

these observations emphasize the benevolent role of intestinal commensals in 

maintaining intestine tissue fitness.   
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The role of microbes in disease 

The microbial symbionts that inhabit our alimentary track are also central 

players in inflammation. It is now clear from numerous studies that the microbiota 

have a “Jekyll and Hyde” relationship with their hosts. Signals from the microflora 

are critical in adjuvanting immune responses to invading pathogens; however, 

these same microbial signals have also been implicated in promoting aberrant 

inflammation (Hooper et al., 2012).  

When a pathogen penetrates the intestinal barrier, the mucosal immune 

system mounts a swift response to control the infection. However, the ability of 

the immune system to rapidly recognize and control invading pathogens is 

critically dependent on signals from the microbiota.  Indeed, germ-free mice show 

increased susceptibility to several pathogens including Reovirus, Citrobacter 

rodentium, Listeria monocytogenes, and Salmonella enterica, which can be 

reversed by the addition of flora (Cebra, 1999; Round and Mazmanian, 2009). 

Additionally, certain commensals are known to be aggressive drivers of intestinal 

inflammation and conventionally raised animals with these microbes in their 

intestines have an enhanced ability to mount protective immune responses. 

Supporting this, Singer and Nash observed that C57BL/6 mice bred at Taconic 

Farms were less susceptible to GI infection with Giardia lambia than the same 

strain of mice acquired from Jackson Laboratories (Singer and Nash, 2000). This 

disparity in parasite clearance was shown to be dependent upon a component of 

the microbial flora as cohousing mice transferred protection and treating Taconic 
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mice with oral antibiotics diminished parasite control. About a decade later, three 

groups simultaneously discovered that mice from Taconic Farms harbor SFB in 

their small and large bowel and thus have increased inflammatory milieu in their 

intestine (Ivanov et al., 2009; Salzman et al., 2010; Wu et al., 2010). Although, 

these studies have singled out the immunogenic effects of certain species of 

bacteria, how these individual species interact with the host immune system or 

other members of the microbial community to promote immunity remains to be 

understood.  

To ascertain the mechanisms underlying host commensal dialogue, Hall 

and colleagues the examined the importance of TLR9 signaling, which is 

necessary for sensing gut flora DNA, and discovered that TLR9-deficient animals 

had impaired protective responses to Encephalitozoon cuniculi (Hall et al., 2008). 

Several other receptors, including various TLRs, NODS, and NLRs, have been 

implicated in the host commensal cross talk (Hooper et al., 2012).  More recently, 

a role of commensal microbes in controlling immunity systemically and supplying 

signals to immune cells at distal sites has been highlighted. Orally antibiotic-

treated animals succumb to lung infections with Influenza Virus and Lymphocytic 

Choriomeningitis Virus, in part because of insufficient signals derived from the 

gut flora (Abt et al., 2012; Ichinohe et al., 2011). This gut-centric perspective 

largely ignores microbial communities residing in other epithelial niches such as 

the skin, the respiratory tract, and the urogenital tract. In Chapter 3, using the 

skin as model tissue, we example the role of commensals residing in niches 
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outside the gut in host immunity.  

Commensal microbes have also been implicated in protecting their hosts 

from allergic diseases. Microbial exposure early in life has been shown to have 

protective effects against allergic inflammation, and reduced microbial diversity in 

infancy is associated with a predisposition to develop allergic disease (Bisgaard 

et al., 2011). Indeed, colonization of neonatal (but not adult) mice was able to 

protect these mice from iNKT-mediated pathology in murine models of asthma. 

This finding indicates that immune developments are based on temporal set 

points during which exposure to flora is essential (Olszak et al., 2012). 

Furthermore, mechanistic studies using antibiotic-treated animals have 

demonstrated that commensal signals via MyD88 in B cells negatively regulate 

serum IgE, which drives pathology in allergic disease (Hill et al., 2012). Mice 

lacking microbial-sensing receptors such as TLR4 are also more susceptible to 

allergen challenge (Berin et al., 2006). These findings indicate that microbiota are 

instrumental in setting the appropriate immunological tone, without which the 

immune system reverts to potentially pathological states. 

While microbial interactions enormously benefit the host, these symbionts, 

under certain conditions, can themselves trigger disease. Certain species of 

bacteria, which have been dubbed “pathobionts”, peacefully co-exist with the host 

under steady-state conditions, but have significant pathogenic potential in the 

presence of environmental or genetic stress (Chow et al., 2011). These 

pathobionts have been implicated in a host of inflammatory disorders including 
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inflammatory bowel disease (IBD) and GI cancers. One example of an intestinal 

pathobiont is Helicobacter hepaticus that contributed to the induction of colitis in 

IL-10 deficient animals (Kullberg et al., 1998). These commensal-mediated 

pathologies are mirrored in humans with polymorphisms in IL-10, IL-10R, and IL-

23R that have a predisposition to intestinal inflammation (Franke et al., 2010). 

The presence of intestinal SFB is associated with increased systemic 

inflammation in diabetic, arthritogenic, and encephalitogenic models of 

autoimmunity (Chow et al., 2011). In fact, infections that cause breaches of the 

intestinal barrier also result in the systemic dissemination of pathobionts such as 

Escherichia coli. Hand and colleagues found that the immune system is unable to 

discriminate between commensal bacteria and the pathogens resulting from the 

activation of effector T cells specific to commensal antigens (Hand et al., 2012). 

Inappropriate anti-commensal responses could be the underlying cause of 

disorders such as IBD and psoriasis. Given the dual role of the microbiota in 

promoting protective responses and driving aberrant inflammation, this 

precarious relationship must be carefully navigated to sustain the heath of both 

the host and its commensal microbiota.   

Inside out - How host factors impact the microbiota. 

	
  
 The intestinal immune system is organized in a manner that allows for 

compartmentalization of commensal bacteria in the lumen. This is achieved in 

part by the presence of mucus barrier, antimicrobial peptides, and secretory IgA. 
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Importantly, these factors act in concert to not only to shape the composition of 

microbial communities but also to minimize bacterial exposure to the host 

immune system (Hooper et al., 2012). For instance, forced expression of α-

defensin does not impact total bacterial quantity in the intestine, but it does alter 

the composition of colonizing bacteria (Salzman et al., 2010). Defects in host 

immune pathways result in a breakdown of intestinal stratification such as those 

observed in Myd88-deficient animals that have reduced expression of 

regenerating islet-derived protein 3-gamma (Reg3γ) and increased commensal 

penetration of host tissues (Vaishnava et al., 2011). Additionally, bacteria 

specifically modulate host immune pathways to allow for their persistence. One 

example of such an interaction occurs in the gut, where gram-negative bacteria 

induce the production of antimicrobial peptide Reg3γ to limit colonization by 

gram-positive species (Brandl et al., 2008). Thus, several mechanisms exist to 

fine-tune the reciprocal relationship between the host and microbiota.  

The microbiota are highly sensitive to changes in the intestinal 

microenvironment. Diet, antibiotic treatment, and inflammation all lead to shifts in 

the intestinal microbiota that predispose the host to disease (Hooper et al., 2012). 

Host deficiencies in immune pathways result in similar microbial dysbiosis 

leading to uncontrolled inflammation and induction of disease. The first example 

of such an immune-related dysbiosis was provided by Garrett and colleagues, 

who observed that mice doubly deficient in T-bet and Recombinase-activating 

gene 2 (Rag) develop spontaneous shifts in flora and colitis that can progress to 
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colorectal cancer (Garrett et al., 2007). Accentuating the role of a dysbiotic flora 

in driving disease, wild-type mice given flora from TRUC mice also developed 

intestinal pathologies. A similar outgrowth of pathogenic flora has been observed 

in NRLP6, ASC, and IL-18-deficient mice (Elinav et al., 2011). These animals 

have an outgrowth of TM7 and Prevotellaceae that is associated with increased 

susceptibility to colitis. Deficiencies in immune pathways can also lead to floral 

shifts that cause metabolic disease. TLR5-/- mice have an alteration in the 

composition of their intestinal flora that results in alterations in metabolism and 

nutrient absorption, and is associated with increased hyperlipidemia, insulin 

resistance, and fat deposition (Vijay-Kumar et al., 2010). Therefore, commensal 

fitness is critically dependent upon the intestinal microenvironment, which is 

determined in a large part by host factors such as immunity. 

Who is out there? Microbial communities across the bodyʼs epithelial surfaces. 

	
  
The human body is a scaffold upon which a plethora of organisms flourish, 

creating diverse ecosystems along physiologically distinct niches. Recent 

advances in sequencing technologies have opened up the black box of 

microbiota residing in our barrier surfaces such as the intestine, skin, respiratory 

tract, and reproductive tract (Costello et al., 2009). The composition of microbial 

communities residing in these epithelial niches can be operationally defined by 

the sequencing of polymorphisms in bacterial 16S ribosomal RNA genes 

(Weinstock, 2012). These genomic analyses are superior to previously used 
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culture-based techniques, which were able to recover only a small portion of 

commensal organisms. Costello and colleagues made use of novel sequencing 

approaches to survey the flora of 27 different sites, including the gut, skin, nostril, 

hair, and oral cavity, to understand the relationships among the microbes residing 

in these habitats. This study revealed that commensal communities were 

controlled primarily by the specific ecology of each body site. Importantly, 

bacterial communities were largely stable within an individual over time but varied 

from one individual to another (Costello et al., 2009). A more extensive analysis 

of the composition and functional capacity of the normal microbiota using 454 

pyrosequencing technology from 15(male) to 18(female) body sites from 242 

individuals were conducted by of the human microbiome project (HMP) research 

consortium (2012a; 2012b). In line with the existing paradigm, these confirmed 

that factors such as oxygen levels, nutrient availably, moisture, pH, microbial 

interactions and immunological status within a given host environment dictate the 

colonization of that tissue site (2012a; 2012b). These studies were instrumental 

in establishing the fitness landscape of normal human microbiota against which 

changes associated with disease states can be compared. The HMP has also 

uncovered the presence of “core” pathways that are conserved across body 

habitants, including ribosome and translational machinery, nucleotide charging 

and ATP synthesis, and glycolysis, that are essential for microbial survival in any 

environment. Finally, because of its large sampling size, the HMP studies 

unveiled that ethnicity and age impact the microbiota and their functional 
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metabolic capabilities (2012a; 2012b). 

Commensal colonization begins only after the newborn is exposed to the 

external environment and the factors controlling this process have recently been 

elucidated. A comparative analysis of the intestinal flora of children born either 

vaginally or via cesarean section revealed that birth through the vagina results in 

colonization by vaginal communities of lactobacillus species, while those born by 

cesarean section acquire skin-associated Staphylococcus, Corynebacterium, and 

Propionibacterium species (Dominguez-Bello et al., 2010). How early 

colonization of the intestine by certain species sets the immunological tone is not 

known. After birth, it is thought that microbial communities fluctuate until 2 to 3 

years of age, after which stable residents are established. These colonies are 

controlled by the above-mentioned environmental factors, which are unique to 

each tissue site (Parfrey and Knight, 2012). For example, vaginal microbial 

composition has been shown to correlate with pH (2012b). In the intestines, diet 

appears to be a driving factor in the acquisition of bacteria and their enzymatic 

capabilities (Ley et al., 2008). Thus sequencing approaches have allowed for a 

comprehensive understanding of baseline microbial communities as well as shifts 

associated with disease state. These studies have also opened the door to 

understanding how we acquire and maintain microbes in and on our body. 

The Cutaneous Microbiota 

	
  
 The skin is the bodyʼs largest organ with a surface area of 
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approximately 1.8 square meters (Elsner, 2006). This topographically 

heterogeneous organ has an abundance of folds and invaginations capable of 

sustaining microbes (Grice and Segre, 2011). Initially, traditional culture-based 

methods were employed to isolate bacteria from the surface of the skin and deep 

in invaginations such as sebaceous glands, sweat glands, and hair follicles 

(Grice and Segre, 2011). The skin is also home to fungi, viruses, and mites, 

which reside in distinct niches in and on the skin (Foulongne et al., 2012) (Figure 

1). In a milestone study, Grice and colleagues used molecular approaches to 

characterize the flora from 20 different human skin sites and uncovered an 

unprecedented amount of diversity in the skin microflora (Grice et al., 2009). 

Additionally, this study also verified existing paradigms that the specific ecology 

of a particular microenvironment dictates the composition of its microbial 

inhabitants. For instance, sites with more sebaceous glands housed more 

Propinobactium, which can metabolize lipids in sebum, while dry sites were 

inhabited by surface-associated Corynebacterium, which can tolerate the skinʼs 

acidic pH (Elsner, 2006; Grice et al., 2009; Leeming et al., 1984). Consistent with 

this hypothesis, environmental control of skin flora was also reported by Blaser 

and colleagues, who observed specific associations of cutaneous microbial 

communities sampled from U.S. residents and Venezuelan Amerindians (Blaser 

et al., 2012). The importance of ecology in determining the community 

composition is also highlighted by comparative studies of the skin microbiota with 

microbes from other sites, which reveal that the skin houses flora distinct from 
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other body sites (Costello et al., 2009). Additionally, these studies have found 

that the skin houses the most diverse communities of bacteria in the body 

(Costello et al., 2009). Accordingly, sites with the most colonizing variation, such 

as popliteal fossa, volar forearm, and buttock, are predisposed to dermatological 

disorders (Grice et al., 2009). These findings support the notion that the 

microbiota occupy various niches within the skin to prevent colonization of by 

pathogenic species. Thus areas of the skin lacking stable microbial inhabitants 

are more susceptible to diseases that may result from colonization of pathogenic 

species. In support of such a symbiotic relationship, the presence of commensal 

Staphylococcus epidermidis was sufficient to limit colonization and biofilm 

formation by pathobiont Staphylococcus aureus (Iwase et al., 2010).  

 The skin microbiota have also been linked to various cutaneous 

inflammatory disorders. Indeed, shifts in the microbiota have been associated 

with various conditions including psoriasis, atopic dermatitis, rosacea, and acne 

vulgaris (Gallo and Nakatsuji, 2011). In a mouse model of diabetic wounds, 

impairments in wound closure were associated with an outgrowth in 

Staphylococcus species and a dramatic increase in the total density of bacteria-

wound-associated bacteria (Grice et al., 2010). A similar decrease in bacterial 

diversity and outgrowth of Staphylococcus species is associated with 

inflammatory flares in children with eczema (Kong et al., 2012). In addition to 

bacterial commensals, the skin is also home to fungi, viruses, and mites. A 

recent study found increased colonization of the mite Demodes 
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folliculorum on the skin of patients with Rosacea (Jarmuda et al., 2012). As these 

mites die, their associated commensal Bacillus oleronius is released, which is 

associated with a localized inflammatory reaction resulting in tissue damage 

(Jarmuda et al., 2012). Although, fluctuations in the quality and quantity of flora 

are associated with disease states, little is understood about how the microbiota 

contribute to the pathophysiology of these cutaneous disorders. 

 While the interaction of commensals with host immune system in the 

intestine is well documented, the contribution of microbes residing in other niches 

(such as the skin) to host immunity has received little attention. The cutaneous 

immune system is capable of sensing and responding to commensal-derived 

ligands. For instance, lipoteichoic acid (LTA) purified from skin commensal 

Staphylococcus epidermidis can mitigate inflammation associated with tissue 

damage (Lai et al., 2009). Additionally, studies co-culturing keratinocytes with 

commensal isolates have shown that these cells are able to mount tailored 

responses to each commensal isolate (Wanke et al., 2011).  These studies 

highlight the interaction of individual species or their byproducts with specific 

components of the immune system. However, the commensal microbiota is 

comprised of diverse communities of microbes each of which posses a myriad of 

both activating and inhibitory ligands. Ascertaining the role of microbiota in skin 

immune fitness will require the systematic analysis of host and commensal 

pathways such as those employed in dissect intestinal immune commensal cross 

talk. In Chapter 3, using germ-free and monoassociated mice, we 
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identify a non-redundant role for the skin microbiota in controlling the 

inflammatory tone in the underlying tissue at steady state and during 

inflammation.  
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Figure 1: 	
  Schematic of commensal localization within the skin.	
  

The skin houses bacterial, viral, fungal and arthropodal (mite) organisms. These 
commensals reside on the surface of the skin, in the outer cornified layers of 
keratinocytes and in appendages such as sebaceous glands, sweat glands and 
hair follicles 
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The Physiology and Ecology of the Skin 
 

The skin barrier is necessary for survival in a terrestrial environment. The 

development and maintenance of this complex organ is controlled both spatially 

and temporally and relies on the presence of several self-renewing resident stem 

cells (Blanpain and Fuchs, 2009). As a result, this barrier is able to repair itself in 

response to external stress. A variety of structural cell types including 

keratinocytes, fibroblasts, sebocytes, and melanocytes are organized in a 

specific manner within the skin to a construct a semipermeable barrier (Wysocki, 

1999). Cells of the nervous and immune system are also found in this vast organ, 

where they contribute to tissue function during homeostasis and in response to 

environmental assaults. The following discussion is intended to provide a 

comprehensive overview of the cutaneous microenvironment as it pertains to 

immune function and barrier maintenance. 

The structure of skin  

	
  
The skin is comprised of three layers: the epidermis, dermis, and 

hypodermis, each of which serves a specific function in maintaining the integrity 

of the cutaneous barrier (Wysocki, 1999). The epidermis is responsible for 

forming a semipermeable layer and the dermis provides tensile strength to fortify 

this barrier (Egles et al., 2010). Adjacent to the dermis is the hypodermis, which 

is comprised of fat that insulates the body and aids in shock absorption (Strauss, 

2012). Importantly, these three parallel layers are composed of distinct cell types 
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and connective proteins capable to sensing and responding to tissue stress.  

The outermost layer of the skin, the epidermis, is a self-renewing structure 

that consists of layers of keratinocytes (Fuchs and Nowak, 2008). Epidermal 

keratinocytes undergo a program of differentiation to lose their nucleus and 

(Bergboer et al., 2012; Dowlen and Owers, 2011) become corneocytes as they 

migrate to the skin surface (Fuchs and Nowak, 2008). The epidermis is stratified 

into the following five layers: stratum basale, stratum spinosum, stratum 

granulosum, stratum lucidum and stratum corneum. This stratification limits the 

passage of harmful substances and microbes (Fuchs and Nowak, 2008). Defects 

in the formation of these layers result in dramatic barrier defects and increased 

susceptibility to an array of disorders. For instance, common loss of function 

variants in the stratum corneum protein filaggrin, carried by approximately 9% of 

people of European origin, are a major predisposing factor to atopic dermatitis 

(Palmer et al., 2006). Moreover, dramatic shifts in the composition of the 

cutaneous microbiota have been observed in filaggrin-deficient animals, 

suggesting that barrier integrity is crucial for appropriate commensal colonization 

in the skin (Scharschmidt et al., 2009).  

The complex role of the barrier in driving cutaneous inflammation is also 

supported by a phenomenon termed the “Koebner response” (Sagi and Trau, 

2011). First described by Heinrich Koebner in the late 1800s, the Koebner 

response refers to physical damage that compromises the skin barrier and 

consequently results in the formation and/or exacerbation of inflammatory lesions 
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(Sagi and Trau, 2011). Indeed, such an injury response is linked to the 

acquisition of various cutaneous inflammatory disorders. For instance, damage to 

the skin barrier triggers psoriatic lesions and results in the onset of uncontrolled 

inflammation and tissue destruction (Kalayciyan et al., 2007).  

The primary constituents of the dermal skin layer, fibroblasts, secrete 

collagen and elastin to establish and maintain the dermal architecture (Egles et 

al., 2010). In contrast to the epidermis, which maintains a hypoxic environment, 

the dermis is highly vascularized and contains a large number of circulating 

immune cells (Braverman, 1997). Pathology associated with skin disorders such 

as psoriasis and atopic dermatitis also extends to the dermal layer of the skin 

underlying the epidermis (Guttman-Yassky et al., 2011a). Additionally, invading 

pathogens and pathobionts such as S. aureus or Malassezia species often 

penetrate the epidermal barrier to establish infection in the dermal tissue (Miller 

and Cho, 2011). It is therefore crucial that this layer of the skin maintain an alert 

status to deal with these invading threats and prevent their dissemination 

systemically.  

Mammalian skin controls thermal regulation and retention of normal 

hydration (Charkoudian, 2003). Specialized appendages within the skin, such as 

hair follicles, sebaceous glands, and eccrine and apocrine sweat glands, have 

evolved to serve these specific functions (Blanpain and Fuchs, 2009; Groscurth, 

2002; Thiboutot, 2004). The unique microenvironments of cutaneous 

appendages select for the presence of distinct microbial communities. For 
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example, Propionibacterium are anaerobic bacteria that contain lipases and can 

metabolize sebum; these are prevalent in sebaceous glands (Leeming et al., 

1984). An additional layer of selective pressure for the composition of flora in 

these niches is applied by the production of antimicrobial peptides, which may 

control the amount and type of colonizing organisms (Gallo and Hooper, 2012). 

Bacteria that reside in and metabolize the viscous secretions of apocrine gland 

are thought to be responsible for body odor (Hofer, 2006). It remains to be 

understood how host factors such as diet or hygiene impact commensals in these 

complex cutaneous niches.   

The stromal cells responsible for determining the three-dimensional 

structure of the skin may be essential liaisons of the immune-commensal 

dialogue. For instance, keratinocytes are in close apposition to various 

commensal niches and possess the capacity to sense and respond to 

commensal ligands (Elsner, 2006; Miller and Modlin, 2007). These cells can also 

interact with immune cells by producing a variety of cytokine mediators. Indeed, 

the sensing of inflammatory and potentially commensally driven factors by 

keratinocytes is known to promote skin carcinogenesis. Cataisson and 

colleagues recently demonstrated that mice with specific deletion of keratinocyte 

of a signaling molecule downstream of TLRs and IL-1, Myd88 were resistant to 

transformation and tumor formation (Cataisson et al., 2012). Together, these 

studies suggest that the structural cells of the skin are not inert, but in fact 

actively contribute to tissue responsiveness.  
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Cutaneous topography  

The skin is a physiologically heterogeneous organ with regional 

differences in the thickness of the epidermal and dermal layer, numerical density 

of appendages, oxygen, temperature, pH, and moisture (Huzaira et al., 2001). 

These site-specific differences in morphology are controlled developmentally and 

regulated in part by epidermal mesenchymal interactions. A landmark study of 

gene expression profiles of fibroblasts from distinct anatomical locations revealed 

the role of HOX family homeodomain transcription factors in specifying site-

specific transcription programs that may dictate the anatomical arrangement of 

each of these cutaneous microenvironments (Rinn et al., 2007).	
   Importantly, 

many skin disorders do not manifest uniformly but have a characteristic pattern of 

expression. For instance, the face and flexors often exhibit symptoms of atopic 

dermatitis while the scalp and extensors (knees and elbows) are affected in 

psoriatic patients (Guttman-Yassky et al., 2011a). How structural variations at 

distinct skin sites relate to these differential disease manifestations requires 

elucidation.  

Tissue responses to environmental assaults also vary by skin site. For 

example, immune response and pathology during infection with dermal pathogen 

Leishmania major is highly dependent upon the site of inoculation (Nabors et al., 

1995). Intradermal infection in the footpads of mice leads to the formation of large 

necrotic lesions, whereas infections in the flank manifest no macroscopic dermal 

pathology (Nabors and Farrell, 1994). Additionally, certain skin sites are more 
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susceptible to tumor formation (Silvers and Mintz, 1998). Thus, this topologically 

heterogeneous organ is composed of a wide array of physiologically distinct 

microenvironments with unique levels of responsiveness to environmental and 

host factors. Given that immune-mediated diseases represent a large portion of 

disorders afflicting the skin, and that this barrier is a major portal of entry for 

pathogens, it will be important to understand the composition and function of 

immune cells in these distinct tissue sites. In Chapter 2, we define the immune 

composition of sites with high and low frequencies of appendages in both 

mice and nonhuman primates. This survey reveals that sites enriched in 

commensal niches such as sebaceous glands or hair follicles have a 

higher concentration of inflammatory cells.                                                                                                                                        

Differences in human and mouse skin  

The architecture of murine and human skin varies dramatically. The 

epithelial barrier in mice is three layers thick and has a faster turnover rate than 

human epithelia, which is approximately six to ten layers thick (Menon, 2002). 

The human epithelial layer contains more intrafollicular space, while murine skin 

has greater density of hair follicles closer together. The dermal tissue 

compartment in these species also differs significantly. Human dermis is thicker 

with fewer follicles, and lacks the cutaneous muscle layer that is found in murine 

skin (Donahue et al., 1999). Additionally, the presence or localization of certain 

cellular constituents also differs between humans and mice. γδ T cells that 

express canonical T cell receptors and aid in wound healing dominantly 
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populate murine epidermis but are lacking in human skin (Barbee et al., 2011). 

Melanocytes in mice are associated primarily with hair follicles and with 

intrafolliclar spaces in human epithelia (Khavari, 2006). Although skin tissue 

shows species specific differences, in Chapter 2, using mouse and non-

human primate skin (which more closely resembles human skin) we find 

that normal skin is home to a large number of effector T cells with the 

potential to produce inflammatory cytokines. 
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The immune surveillance system of the skin 
 

 A vast immunological arsenal consisting of small molecules and innate 

and adaptive lymphocytes reinforces the skinʼs physical barrier (Gallo and 

Hooper, 2012; Miller and Cho, 2011). This immunologically active site is tasked 

with protecting the host from invading pathogens while sustaining a myriad of 

resident organisms (Miller and Cho, 2011). Therefore, a dynamic network of 

immune cells constantly patrols the skin, surveying for perturbations caused by 

pathogens and other physiochemical stress resulting from toxic agents or UV 

irradiation (Kupper and Fuhlbrigge, 2004). Mounting a swift immune response is 

critical for host protection and relies on the careful orchestration of various 

immune cells. The skin immune surveillance system is organized into sites where 

an immune response is initiated, or “induction sites;” and sites where immune 

cells execute their function, or “effector sites” (Kupper and Fuhlbrigge, 2004). The 

components of the cutaneous immune system are described below with a 

particular focus on the formation and function of T lymphocytes. This discussion 

is intended to provide a framework for considering the complex and dynamic 

regulation of immunity in the skin. This tissue site is of primary focus in the 

research to be described herein.  

Lymphocyte Activation in Inductive Sites 

The lymphoid structures responsible for surveying cutaneous tissues have 

been creatively named “skin-associated lymphoid tissue” or SALT (Streilein, 

1989). The SALT serves to respond to inflammatory tissue signals and 
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antigens with responsive T lymphocytes to ensure an efficient immune response. 

To achieve this feat, cutaneous lymphoid structures are spatially organized into B 

and T cell zones. T-dependent areas contain a mixture of naïve and recirculating 

CD44hi effector memory cells (Butcher and Picker, 1996).  Naïve T cells 

constitutively enter the lymph node cortex from the blood via high endothelial 

venules (HEVs), while effector T cells, dendritic cells, and antigens exiting the 

skin tissue enter via the afferent lymphatics (Mackay, 1993). The importance of 

lymphoid structures in orchestrating immune responses is evidenced by delayed 

priming and compromised skin immunity in Lymphotoxin-α deficient mice that 

have arrested development of skin lymph nodes (Rennert et al., 2001). More 

recently, Kastenmuller and colleagues proposed that an additional function for 

lymphoid structures is to prevent the systemic dissemination of invading 

pathogens (Kastenmuller et al., 2012). Thus lymphoid structures have dual role in 

organizing an immune response and acting as a “fire wall” to restrict the passage 

of pathogens into internal organs.  

Under steady-state conditions, cutaneous lymph nodes house T cells with 

both effector and regulatory potential. CD4 and CD8 memory T cells with the 

potential to produce inflammatory cytokines recirculate through the lymph nodes 

(Kambayashi et al., 2003; Tomura et al., 2010). Lymph nodes also contain γδlow T 

cells with the potential to produce IL-17A, which is derived from both the dermis 

and the blood (Michel et al., 2012). Additionally, using mice expressing a photo-

convertible protein, Tomura and colleagues have shown that Tregs from the skin 
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can migrate to the draining lymph node (Tomura et al., 2010). A recently 

described population of lymph-node-resident innate-like lymphoid cells also has 

the capacity of produce IL-17A, which could provide early protection against 

barrier disruption (Gray et al., 2012). Similarly, an IL-18-responsive population of 

resident CD8 T cells is also proposed to act as a first responder to inflammation 

in a TCR independent manner (Kastenmuller et al., 2012).  

Because the lymphoid structures serve as a rapid response centers during 

adverse inflammatory conditions, they are tasked with constant surveillance of 

the cutaneous environment. This is achieved by two mechanisms that occur 

simultaneously: One is the constitutive migration of dendritic cells carrying 

antigens from the skin to the lymph nodes, and the other is draining of interstitial 

fluid carrying tissue signals to the node (Villadangos and Heath, 2005). 

Examination of skin migratory dendritic cells in the cutaneous lymph nodes of 

germ-free animals reveals no differences in the frequency and status of activation 

from conventionally raised animals, indicating that commensal signals are not 

necessary for this evolutionally conserved process (Wilson et al., 2008). 

Furthermore, a dermal-derived subset of migratory dendritic cells has recently 

been implicated in the production of retinoic acid (RA) and consequently in the de 

novo generation of Tregs in cutaneous lymph nodes. Commensal-derived signals 

were also found to be dispensable for RA production and Treg conversion in skin- 

draining nodes (Guilliams et al., 2010).  

In addition to migratory dendritic cells, antigen- and tissue-derived signals 
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drain to the lymph node and are sampled by the resident macrophages and 

dendritic cells (Manolova et al., 2008). The importance of these lymphoid- 

resident dendritic cell populations in presenting antigens to T lymphocytes has 

been appreciated because of an elegant study conducted by Allenspach and 

colleagues (Allenspach et al., 2008). Restriction of the antigen presentation 

capacity of either lymphoid resident or migratory dendritic cells with the use of 

sophisticated genetic and chimeric animal models revealed for the first time that 

both these subsets of dendritic cells are necessary for antigen presentation and 

proper induction of an adaptive immune response in the cutaneous lymph nodes. 

Upon activation, T lymphocytes acquire context-dependent effector functions, exit 

the lymph node, and migrate into skin tissue, where they are able to play their 

roles in immune responses (Kunkel and Butcher, 2002). 

Cutaneous Lymphocyte Recirculation 

During priming and activation in the SALT, T lymphocytes are imprinted 

with chemokine receptors and adhesion molecules that act as “zip codes” to 

promote their migration into skin tissue (Sigmundsdottir and Butcher, 2008). A 

combination of cytokines and tissue-specific external clues, such as the presence 

of nutrient metabolite Vitamin D, regulate the expression of skin-specific 

trafficking programs on T cells.  Indeed, Vitamin D signaling, via Vitamin D 

receptors, programs the expression of the skin-homing chemokine receptor 

CCR10 on T lymphocytes (Sigmundsdottir et al., 2007). CCR4 has also been 

described as a skin-specific trafficking receptor on T lymphocytes (Campbell et 
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al., 1999). The ligands for CCR4 and CCR10, CCL17 and CCL27 respectively, 

are constitutively expressed by various cell types in the skin, and therefore may 

be susceptible to modulation by commensal signals, but havenʼt been measured 

in germ-free mice. The importance of generating skin tropic cells is evidenced by 

the eruption of spontaneous inflammation in mice in which Tregs lack these 

receptors (Dudda et al., 2008; Sather et al., 2007). In addition to skin-specific 

trafficking, effector lymphocytes also migrate into tissue in response to 

inflammatory chemokines, many of which are expressed during skin 

inflammation.  

Entering extra-lymphoid tissues requires circulating T effectors to sense 

and bind to activated vascular endothelium and then extravasate into the 

surrounding skin tissue (Springer, 1995). This is achieved by the adhesion of 

molecules such as E and P selectins in mice, and by the adhesion of cutaneous 

lymphoid antigen (CLA) expressed on T cells to their corresponding ligands 

expressed by vascular endothelium (Steeber and Tedder, 2000). Importantly, the 

expression of these markers is used to identify skin-homing T cells in the blood. 

Isolation of circulating skin-homing T cells from blood revealed that these T cells 

are enriched for cytokine production and pathogen recognition (Duhen et al., 

2009; Zielinski et al., 2012). Upon entry into the skin, both transmigration and 

retention in tissue is mediated by integrin CD103 (Schlickum et al., 2008).  The 

capacity of skin Tregs to be retained in the skin is critically dependent upon the 

presence of CD103 (Suffia et al., 2005).  
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T lymphocyte accumulation in both normal and inflamed skin is 

orchestrated by a series of chemokine and adhesion molecules that control entry 

into and exit from the skin. The expression of inflammatory chemokines and their 

receptors are increased when skin disorders are present. Indeed, expression of 

both CCR6 and its ligand CCL20 is dramatically increased in psoriatic lesions in 

comparison to non-lesional skin (Mabuchi et al., 2012), and affected skin from AD 

patients releases more CCL17 and CCL27 (Gros et al., 2009). Moreover, T cells 

in cutaneous T cell lymphomas express high levels of CCR4, and blocking 

antibodies to this receptor are being tested as a therapeutic modality (Han et al., 

2012).  

A portion of T effector and regulatory lymphocytes that enter tissues also 

leave to the draining lymph nodes via the afferent lymphatic and return to 

circulation. Early studies observed this phenomenon by assessing the phenotype 

of T cells leaving normal skin via the afferent lymph. Indeed, CD4 T cells with 

effector phenotype (high CD44 expression) were enriched in the afferent lymph 

when compared to blood and efferent lymph, which had more naïve T cells 

(Mackay et al., 1990). T lymphocytes egress from skin tissue into the afferent 

lymph is facilitated by ligation of chemokine receptor CCR7 with CCL21 

expressed in the lymphatic endothelium (Debes et al., 2005). Importantly, the 

skinʼs migratory network may be modulated by commensals as a means to 

control the composition of T cells in the skin. The link between commensals and 

tissue-derived chemokines in the skin is largely unexplored. In Chapter 3, we 
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examine the role of commensals in controlling the frequency of skin tropic 

T lymphocytes in circulation.  

Lymphocyte Function in Effector Sites 

Although the epidermal and dermal layers are located adjacent to each 

other, these two skin compartments house distinct populations of immune cells 

that have functionally adapted to their local microenvironment. Approximately 

70% of the hematopoietic compartment of murine epidermis is comprised of 

dendritic epidermal γδ T cells (DETCs) and Langerhans cells represent the other 

30% of this compartment (Jameson and Havran, 2007; Merad et al., 2002). 

DETCs developed early in ontogeny express high levels of canonical receptor 

Vγ3/Vδ1. Importantly, in both mouse and man, production of insulin-like growth 

factor-1 by epidermal γδ T cells is essential for mediating epidermal homeostasis 

and repair (Havran and Jameson, 2010; Jameson and Havran, 2007; Jameson et 

al., 2002). Additionally, it has been proposed that these cells also regulate the 

proliferation of Langerhans cells (LCs) within the epidermis by producing GM-

CSF (Kadow et al., 2011).  Thus, DETCs sense environmental stress and 

consequently engage in dialogue with both structural and immune cells in their 

microenvironment, which is essential for tissue fitness. Additionally, cutaneous 

infection results in the formation non-migratory effector CD8 cells that localize to 

the epidermis and are sustained there independently of antigens even after 

resolution of infection (Gebhardt et al., 2011; Jiang et al., 2012). These cells 
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continually survey the epidermis and provide enhanced protection from any 

pathogens they re-encounter.     

  The dermis is home to both γδ and αβ T cells, which play a central role in 

maintaining the skinʼs responsiveness. The importance of skin-resident Tregs is 

evidenced by the spontaneous development of dermal pathologies in mice and 

humans that lack the essential lineage specific Treg transcription factor Foxp3 

(Wildin et al., 2001). Additionally, an elegant study by Campbell and colleagues, 

in which Tregs were restricted specifically from the skin, phenocopied the dermal 

pathology of scurfy mice and indicated that Tregs constitutively limit dermal 

effector T cells and thus restrict unwanted inflammation (Dudda et al., 2008; 

Sather et al., 2007). Conversely, the presence of Tregs in the skin can potentially 

be harmful in the context of an infection, where ensuring proper protective 

immune responses relies on limiting excessive regulation. Indeed, a milestone 

study by Belkaid and colleagues illustrated that Treg-derived IL-10 restricts the 

formation of protective immunity to Leishmania major (Belkaid et al., 2002). 

Although Tregs represent a dominant dermal cell population, little is known about 

their regulation in the skin. In vitro co-culture studies with autologous LCs and T 

cells from human skin revealed an MHCII dependent increased in Tregs 

proliferation (Seneschal et al., 2012). Nevertheless, factors that control dermal 

Treg homeostasis and function in vivo remain undefined.  

 A population of highly motile γδlow T cells distinct from the epidermal DETC 

resides in the dermis. These cells have a heterologous Vγ4 and Vγ3 expression 
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and produce IL-17A and IL-22 in response to IL-1 and IL-23 (Gray et al., 2011; 

Sumaria et al., 2011). A role for γδ T cell cytokine production has been implicated 

in early responsiveness to breach of the skin barrier. This early function of γδ T 

cells in barrier protection is crucial, as the formation of a protective conventional 

T cell response requires approximately seven days. Accordingly, these cells play 

an essential role in neutrophil recruitment after intradermal BCG inoculation 

(Sumaria et al., 2011). Early production of γδ T cell-derived IL-17A also 

determines long-term susceptibility to pathogens because γδ T cells are 

necessary to set the appropriate immunological tone. In response to 

Staphylococcus aureus infection, mice deficient in γδ T cells exhibit a defect in 

neutrophil recruitment, have larger skin lesions, and increased bacterial count 

(Cho et al., 2010). Remarkably just one dose of recombinant IL-17A provided 

early, after inoculating with S. aureus, can reconstitute protective immunity in γδ T 

cell-deficient animals (Cho et al., 2010). In addition to γδ T cells, innate lymphoid 

cells have also been implicated in the production of IL-17A and IL-22 in the skin 

during various disease states (Pantelyushin et al., 2012).  

Accentuating the importance of IL-17A in barrier function, individuals with 

defects in this pathway are highly susceptible to cutaneous infections with 

Candida albicans and Staphylococcus aureus (Puel et al., 2011). However, how 

the cutaneous immune system regulates the composition and localization of 

resident commensals and the interaction between commensals, pathogens, and 

host immunity requires elucidation. These lymphocyte-derived inflammatory 
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cytokines play a central role in mediating protection to cutaneous pathogens but 

are also important for regulating the tissue parenchyma. IL-17A signaling via IL-

17 receptor in keratinocytes is known to promote their proliferation during a 

cutaneous wound healing response. While these inflammatory cytokines are 

indispensible for sustaining normal barrier function, they must be tightly regulated 

to avoid disease states. Indeed, dysregulation of IL-17A results in immune 

pathology and tissue destruction in psoriasis (Nakajima, 2012). The blockading of 

IL-17A or IL-17 receptor in psoriasis patients has shown to be an effective and 

fast-acting therapy (Leonardi et al., 2012; Papp et al., 2012). Similarly, 

intradermal injection with recombinant IL-23, a major driver of IL-17 and IL-22, 

results in dermal inflammation and acanthosis (Zheng et al., 2007). A shift in the 

microbiota is associated with excessive IL-17A inflammation and psoriasis, yet 

the role of commensals in promoting these T cell phenotypes is unknown (Gao et 

al., 2008). Although it is widely recognized that T lymphocytes are an important 

component of the cutaneous immune surveillance system, their steady state 

composition, function, and regulation in the skin is poorly understood. In 

Chapters 2-4, we identify the resident lymphocytes in various skin sites 

and study their regulation by skin commensals. 

Innate Immunity in the Skin  

A dense network of innate immune sentinels populates the skin; these can 

sense and rapidly respond to tissue stress (Merad et al., 2008).  Epidermal LCs 

can extend their dendrites through the keratinocyte barrier and sample 
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antigens from the surface of the skin (Kubo et al., 2009). These cells also have a 

specialized function in the induction of IL-17A responses to trans-epidermal C. 

albicans infection (Igyarto et al., 2011). It is tempting to speculate that these cells 

may be involved in the sampling and transport of commensal antigens from the 

skin to the lymph node. In contrast, dermal CD103 DCs are essential for eliciting 

antigen-specific IFNγ responses and for cross-presenting antigens to CD8 T cells 

in the lymph nodes (Bedoui et al., 2009).  Tissue stress associated with 

inflammation or wounds results in recruitment of special subsets of dendritic cells 

that curb tissue damage. pDCs enter the dermis early after wounding and 

facilitate wound closure by secreting type 1 interferons (Gregorio et al., 2010). 

Other innate cells, including mast cells and eosinophils, also reside in the skin. 

These cells contain granules of histamines and innate cytokines that are secreted 

in response to physical or chemical stress in the skin barrier (Macfarlane et al., 

2000). In addition to immune cells, the cutaneous stroma also contributes to 

immunity in the skin. For example, dermal fibroblasts can augment proliferation of 

Tregs in vitro in the presence of IL-15 and IL-2, suggesting that they play an 

essential role in shaping the immune repertoire of the skin (Clark and Kupper, 

2007).  

 Keratinocytes contain stores of inflammatory cytokines, including IL-1, 

that are secreted upon junction disruption (Kennedy-Crispin et al., 2012). The 

over-expression of these factors in the epidermis under keratinocyte-specific 

promoter (Keratin 14 promoter) results in altered immunity (Tian et al., 2009). 
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Importantly, IL-1 receptor antagonist immune deficiency results in spontaneous 

and uncontrolled dermal inflammation (Aksentijevich et al., 2009). Keratinocytes 

express pathogen recognition receptors and are therefore endowed with the 

capacity to recognize both commensals and pathogens (Miller and Modlin, 2007). 

Keratinocytes also have anti-microbial functions; they produce an array of anti-

microbial peptides including a-defensins, RNase 7, psoriasis, and cathelicidin. 

AMPs also play a central role in cutaneous disorders (Gallo and Hooper, 2012). 

Outgrowth of certain bacteria in AD is associated with diminished AMP 

expression, conversely in psoriasis aberrant inflammation results in 

overexpression of AMPs that coat the surface of the skin (Guttman-Yassky et al., 

2011b). Given the reciprocal regulation of these small molecules by intestinal 

bacteria, it is likely that a parallel control of the inflammatory and anti-microbial 

function of the cutaneous epithelial is linked to cutaneous microbiota. 

Model of Skin Infection – Leishmania major  

To gain a functional and mechanistic understanding of the role of 

commensals in promoting immune responses and inflammation in the skin, we 

have employed Leishmania major as a physiological model of skin infection 

(Belkaid et al., 2000). Leishmania major is a natural non-disseminating mouse 

pathogen and a model for human cutaneous Leishmaniasis (Kaye and Scott, 

2011). A range of factors, including host immunity and parasite virulence, 

controls the manifestation of this spectral disease. Intradermal inoculation with 

this parasite results in the slow development of necrotic dermal lesions 
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in a dose-dependent manner (Belkaid et al., 1998). Both pathology and protective 

immunity are dependent upon CD4 T cell-derived IFNγ  (Scharton-Kersten and 

Scott, 1995).  Indeed, Balb/c mice that are predisposed to a Th2 polarization and 

IL-4 production are highly susceptible to L. major (Jones et al., 1998). These 

anaerobic parasites are housed in vacuoles with dermal macrophages, where 

they multiply stealthily (Naderer and McConville, 2011). Activation of 

macrophages with bacterial lipopolysaccharide  (LPS) and IFNγ results in 

production of reactive oxygen species and parasite killing (Mauel et al., 1991). 

Importantly, mice deficient in the MyD88 signaling complex, essential for 

signaling downstream toll-like receptors (TLRs), are unable to form protective 

responses to L. major (Muraille et al., 2003). Because a parasite-derived TLR 

ligand capable of in vivo recognition of Leishmania has yet to be identified, it is 

highly probably that commensal-derived signals or tissue damage associated 

with infection are required for a development of immunity to L. major. In Chapter 

3, we examine the contribution of skin commensals to the acquisition of 

protective immunity to L. major. 
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Chapter 2: Topographically distinct skin sites have unique 
immunological and commensal signatures 

 
Abstract 
 

The skin is a critical interface that separates the body from the external 

environment. This physical barrier is reinforced by an immunological barrier, 

which protects from pathogenic invasion while maintaining a plethora of resident 

organisms. Yet little is understood about the composition and regulation of 

immune cells in normal skin tissue. In order to evaluate the immune cell 

compartment of the skin, we established novel cell isolation techniques that 

allowed us to reach the following conclusions:  

 

1. Physiologically distinct murine skin sites house unique 

compositions of innate and adaptive immune cells. 

2. Murine skin is an ecologically heterogeneous organ with 

commensal communities that are characteristic of specific niches.  

3. Inflammatory T cells preferentially reside in skin sites that are rich 

in hair follicles and sebaceous glands in non-human primates 

(NHPs).  
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Rationale 
 A dense network of innate and adaptive immune cells patrol the skin and 

respond to environmental assaults. Using mice deficient in either immune cells or 

their activating receptors, previous studies have demonstrated the importance of 

these resident cells in maintenance of the cutaneous barrier (Kupper and 

Fuhlbrigge, 2004). However, our understanding of skin-resident immune cells 

and the factors that regulate their function has been limited by lack of efficient cell 

isolation techniques. Moreover, the skin is a large heterogeneous organ with 

variations in tissue morphology and immune responsiveness (Braverman, 1997; 

Huzaira et al., 2001). For instance, pathogen challenge has dramatically different 

outcomes in physiologically distinct skin sites (Nabors and Farrell, 1994; Nabors 

et al., 1995). Furthermore, cutaneous inflammatory disorders such as atopic 

dermatitis, psoriasis, and acne characteristically affect certain skin sites but not 

others (Guttman-Yassky et al., 2011a). Thus, mapping the cutaneous immune 

landscape will be essential to gain a proper understanding of barrier function and 

tissue disorders in the skin.  
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Results 
	
  

Novel cell isolation technique allows for characterization of innate and adaptive 

lymphocytes from the skin.  

 
 Previous studies have employed histological analysis or gene deficient 

animals to identify the function of immune cells in the skin. A comprehensive 

single-cell analysis has been limited by the availability of proper reagents such as 

purified enzymes that minimize nonspecific cleavage of identifying surface 

markers and the ability to discern live and dead cells. Therefore, we optimized a 

novel cell isolation technique with the use of newly available reagents including 

ultrapure enzymes, fixable live/dead markers, and machines that mechanically 

disrupt tissues resulting in uniform cell extractions.   

In order to perform a single-cell analysis of T lymphocytes in the skin, we 

first isolated cells directly from the skin using a cocktail of enzymes that disrupt 

the tissue by cleaving the extracellular matrix and allowing for any associated 

cells to be extracted. We then analyzed these isolated cells for their expression 

of surface markers and functional potential using flow cytometry (Figure 2A). 

This technique allowed for isolation of both γδ and αβ T cells from whole skin. To 

determine the localization of γδ and αβ T cells within the skin, the dermal and 

epidermal compartment were separated by cleaving the basement membrane. In 

line with previous reports, cells expressing high levels of the TCR γδ known as 

Dendritic Epidermal γδ T Cells (DETCs) localized to the epidermis (Jameson and 
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Havran, 2007), while TCRγδlow and TCRβ+ cells were found to be primarily dermal 

resident cells (Figure 2B). Dermal resident TCRγδlow cells are a recently 

described population of cells that maintain heterogeneous TCRγδ expression and 

have the potential to produce substantial amounts of IL-17A (Figure 2B and 3A). 

Work from our lab and others have shown that Foxp3+ regulatory T cells (Tregs) 

are critical regulators of skin immunity, without which dermal pathologies have 

been observed in both mouse and man (Belkaid et al., 2002; Wildin et al., 2001). 

Indeed, we found that normal skin housed a large number of Tregs  (Figure 3B). 

In fact a comparative analysis of extralymphoid tissues including the skin, small 

intestine, colon, liver, and lungs revealed that the skin houses the greatest 

frequencies of Tregs, indicating that these cells are likely a dominant form of 

regulation in this tissue (data not shown).  In addition to regulatory cells, the 

TCRβ+ compartment also contained cells with the potential to produce 

considerable amounts of inflammatory cytokines IFNγ and IL-17A (Figure 3B).  

Both CD4+ and CD8+ T cells possessed the ability to make IFNγ   (data not 

shown), while IL-17A was produced by CD4+ T cells and a previously 

uncharacterized population of CD4- CD8- double negative TCRβ+ T cells in the 

dermis (Figure 3C).  

Our newly optimized cell isolation technique also enabled us to 

characterize the innate cell populations of the skin. While several groups have 

identified the resident dendritic cells of the ear skin (Helft and Merad, 2010; 

Ortner et al., 1996), these isolation techniques often utilize crude enzymes 



www.manaraa.com

	
  

45	
  

that do not allow for efficient extraction of innate cells from all skin sites, 

especially those with higher densities of hair follicles or extracellular matrix 

materials (S. Naik unpublished observation). Additionally, existing techniques for 

isolation of dendritic cells required the separation of the dermis and the epidermis 

and prolonged incubation periods that result in either activation or cell death of 

these highly sensitive immune cells. We were indeed able to recover a 

considerably larger number of viable dendritic cells with our protocol than with 

existing protocols (Figure 4A and data not shown). In agreement with previous 

studies, there were four distinct subsets of cutaneous dendritic cells, including 

Dermal Dendritic Cells (DDC), Langerhans cells (LC), Langerin+ Dermal DC 

(CD103DC) and Double Negative Dendritic Cell (DNDC) (Figure 4A). This cell 

isolation strategy also allowed us to retrieve eosinophils, mast cells, and several 

uncharacterized populations of CD45+ immune cells from the skin (data not 

shown). These findings corroborate existing evidence that the skin is a dynamic 

immune environment with a host of cells whose function and regulation can be 

further explored using the above-mentioned techniques.  
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Figure 2: Isolation of T lymphocytes from skin tissue. 

 (A) Gating strategy for γδ and αβ T cells from skin tissue of specific-pathogen- 
free (SPF) mice. (B) Representative flow cytometric plots of γδ and αβ T cells 
isolated from whole skin, epidermis, and dermis of SPF mice.  
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Figure 3: Characterization of effector and regulatory T lymphocyte subsets 
from the skin.  

(A-B) Representative plots of IL-17A expression in live CD45+ TCRγδ+ cells and 
Foxp3, IFN-γ, and IL-17A expression in live CD45+ TCRβ+ cells and negative 
isotope control after phorbol myristate acetate (PMA)/ Ionomycin stimulation from 
skin tissue of SPF animals. (C) Representative plots of IL-17A expression by 
CD4+ and CD8+ TCRβ+ single positive cells and TCRβ+ double negative cells. 
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Figure 4: Identification of dendritic cell subsets from skin tissue.  

(A) Gating strategy for dendritic cell subsets from skin tissue of SPF mice. Cells 
are gated on live CD45+ CD11c+ and MHCII+. Subsets are defined as follows: 
Langerin cell (LC) are gated on CD11b+ CD207+ (Langhans) cells, Langerin+ 
Dermal DC (CD103 DC) are gated on CD11b- Langerin+ cells, Dermal Dendritic 
cell (DDC) gated on Langerin- CD11b+ cells and double negative dendritic cells 
(DNDC) are gated on CD11b- Langerin-.  
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Murine skin is an immunologically heterogeneous organ. 

 
 Topographical surveys of the human skin have revealed that this organ is 

not structurally uniform. The physiology of this heterogeneous organ is defined by 

invaginations formed by sweat glands, sebaceous glands and hair follicles, 

variations in epidermal and dermal thickness, varying numbers of blood vessels, 

and differences in temperature and pH (Huzaira et al., 2001). Additionally, these 

ecologically distinct niches within the skin house unique communities of 

commensal organisms (Grice et al., 2009; Grice and Segre, 2011). Some or all of 

these factors may orchestrate tissue function and control immune fitness locally. 

Indeed, in the skin, responsiveness to environmental challenges has previously 

been observed to be site-specific. For instance, variable immunity and pathology 

to dermal pathogen Leishmania major has been observed in the skin as infection 

in some locations, resulting in the development of palpable necrotic lesions, while 

other locations do not exhibit any dermal pathology (Nabors and Farrell, 1994; 

Nabors et al., 1995). However, the immune cell compartments of distinct skin 

sites have not been studied due to limitations in cell isolation techniques.  

 In order to construct a representative map of immune cells in the skin, we 

characterized this cellular compartment in three distinct skin sites using the 

abovementioned novel skin isolation techniques (see pg. 130). The ear skin, 

back skin, and belly skin were assessed because of differences in the numerical 

density of appendages such as hair follicles (Schlake, 2007)(Figure 5A). We 
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enumerated the CD45+ hematopoietic cell compartment from 100mm2 of skin at 

each of these sites. Areas with increased invaginations, such as the back skin or 

belly skin, housed a greater number of CD45+ immune cells when compared to 

the ear skin, which has lower densities of hair follicles, a thinner dermal layer, 

and maintains a lower temperature (Figure 5B).  

To further probe the composition and functional capacity of these cells, we 

performed an in-depth analysis of innate and adaptive immune cells at the three 

defined skin sites.  The T lymphocyte compartments varied considerably between 

the ear, back, and belly skin. More specifically, the ear housed the greatest 

frequency of epidermal TCRγδhi cells (DETCs), while the back and the belly had 

significantly larger proportions of dermal resident TCRγδlow cells and TCRβ+ cells 

(Figure 6A). In addition to the differences in the proportions of T lymphocytes, 

we also noted site-specific variations in the functional capacity of these T 

lymphocytes. The ear skin contained the lowest frequency of both Tregs and IFN-

γ+ T effectors, while the back and belly skin both held substantially more Tregs and 

IFN-γ+ T effectors (Figure 6B and C). Although the total amount of IL-17A 

produced in these three areas was comparable (~5-8%), the relative contribution 

from cellular sources varied from site to site (Figure 6D). Consistent with the 

increase in frequency of TCRβ+ cells in the back and belly skin, the TCRβ+ cells 

within these sites also made a greater contribution to the total amount of IL-17A 

produced (Figure 6D). Conversely, TCRγδ+ made up a greater proportion of IL-

17A producers in the ear skin (Figure 6D). Thus, the T lymphocyte composition 



www.manaraa.com

	
  

51	
  

in skin tissue varies in a site-specific manner not only in the proportions of T cells 

that are housed, but also their functional capacities.  

 The skin is also home to a variety of innate sentinels, such as dendritic 

cells, mast cells, and eosinophils, that are primary responders during 

inflammatory challenges (Clark and Kupper, 2005). We sought to characterize 

these populations in previously defined skin sites (Figure 5A). Similar 

frequencies of CD11c+ MHCII+ dendritic cells were isolated from each of the three 

skin sites (Figure 7A). However, these sites harbored distinct compositions of 

dendritic cell subsets (Figure 7B). Langerhans cells made up a dominant 

proportion of ear dendritic cells, while the back and belly skin contained more 

dermal dendritic cells and double negative dendritic cells (Figure 7B). Of note, 

CD103+ dendritic cells uniformly localized to the three areas of the skin (Figure 

7B). Next, we analyzed the defined cutaneous locations for eosinophils and mast 

cells, and observed a reciprocal pattern in the localization of these two 

populations. The ear skin contained a considerable amount of mast cells but few 

eosinophils (Figure 7C and D). On the other hand, back and belly skin, which 

had few mast cells, was inhabited by a significant amount of eosinophils  (Figure 

7C and D). This survey of innate and adaptive cells revealed that murine skin is 

not only a structurally heterogeneous organ but also exhibits dramatic differences 

in the immune cell populations that occupy these distinct tissue sites.  
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Figure 5: Defining physiologically distinct sites in murine skin. 

(A) Schematic of three physiologically distinct sites in murine skin: ear pinnae, 
back skin, and belly skin. (B) Representative flow cytometric plots and 
summarized bar graphs of CD45+ cells per 100mm2 of skin tissue from defined 
skin sites. Graphs are a compilation of 2 experiments and show the mean of 9 
mice ± SEM (** p< 0.005, *** p< 0.0005).   
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Figure 6: Distinct skin sites house unique compositions of T lymphocytes. 

(A) Representative flow cytometric plots and summarized bar graphs of live 
CD45+ TCRγδ+ and TCRβ+ cells extracted from ear (n), back (o), and belly (n) 
skin of SPF mice. Graphs show the mean of 4 mice ± SEM. (B) Representative 
flow cytometric plots and summarized bar graphs of Foxp3 expression in live 
CD45+ TCRβ+ CD4+ cells extracted from ear (n), back (o), and belly (n) skin. 
Graphs show the mean of 4 mice ± SEM. (C-D) Representative flow cytometric 
plots and summarized bar graphs of IFN-γ and IL-17A expression in live CD45+ 

TCRγδ+ and TCRβ+ cells extracted from ear (n), back (o), and belly (n) skin. 
Graphs show the mean of 4 mice ± SEM (*p< 0.05, ** p< 0.005, *** p< 0.0005).  
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Figure 7: Distinct skin sites house unique compositions of innate 
leukocytes. 

(A-B) Representative flow cytometric plots and summarized bar graphs of 
cutaneous dendritic cells (See Fig. 2 for definition) extracted from ear (n), back 
(o), and belly (n) skin of SPF mice. Graphs show the mean of 4 mice ± SEM. (B) 
Representative flow cytometric plots and summarized bar graphs of Eosinophils 
gated on live CD45+ MHCII- Siglec-F+ cells extracted from ear (n), back (o), and 
belly (n) skin. Graphs show the mean of 4 mice ± SEM. (C) Representative flow 
cytometric plots and summarized bar graphs of Mast Cells gated on live CD45+ 

Cd11b- C-Kit+ FCεRI+ cells extracted from ear (n), back (o), and belly (n) skin. 
Graphs show the mean of 4 mice ± SEM. (*p< 0.05, ** p< 0.005, *** p< 0.0005). 
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Anatomically distinct skin sites in mice house unique commensal communities. 

Mammalian skin is a complex ecosystem that harbors diverse populations 

of microbial communities (Grice et al., 2009). Recent advances in 16S rDNA 

sequencing technology have dramatically improved our appreciation of 

commensals that reside in the skin by revealing that this reservoir houses 

unprecedented diverse communities of bacteria.  A survey of human skin 

microbiota revealed that physiologically and topographically comparable sites 

house similar bacterial communities (Grice et al., 2009). Additionally, this study 

also revealed that the skin microbiota exhibit more intrapersonal than 

interpersonal differences. To date, the microbial communities that occupy distinct 

skin sites of specific-pathogen-free mice (SPF) mice have not been examined. 

Because mice are housed in groups of four or five per cage and are in constant 

contact with each other and their own feces, it important to discern if murine skin, 

like human skin, houses unique microbial communities associated with 

characteristic features of distinct skin sites. To address this, we analyzed the 16S 

rDNA sequences of bacteria communities found in the three defined skin sites 

(Figure 5A) from four individual animals housed in the same cage. Remarkably, 

we found that l the commensal composition of murine skin, like that of human 

skin, was associated with the specific ecology of each skin site (Figure 8A). 

Firmicutes preferentially reside in ear skin, while back and belly skin were 

dominantly colonized by Proteobacteria (Figure 8A). 
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Additionally, a cluster analysis used to group sequenced communities on the 

basis of similarity revealed that communities of commensals grouped together by 

body site rather than by individual animals, indicating a greater degree of 

intrapersonal rather than interpersonal variability in the bacterial communities 

living on murine skin (Figure 8B). Our data also revealed that distinct microbial 

communities inhabit the cutaneous and intestinal epithelial surfaces (Figure 8A 

and B). These findings underscore the importance of the ecology of a particular 

skin site in controlling the composition of resident microbial communities. 

Importantly, the identification of site-specific differences in skin microbiota of mice 

further validates murine skin as a relevant model for studying the discrete 

immune commensal interactions at barrier sites outside the intestine.  
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Figure 8: Unique microbial communities reside in topographically distinct 
murine skin sites. 

(A) Taxonomic classifications at the phylum level for 16S rDNA gene sequence 
data clustered at 97% identity from ear, back, and belly skin and fecal pellet of 
specific-pathogen-free mice.  (B) Hierarchical cluster analysis of OTUs from ear, 
back, and belly skin and fecal pellet. 
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Physiologically distinct skin sites in non-human primates have unique immune 

landscapes. 

 
To understand the immune surveillance system in the skin of higher-order 

mammals that have similar skin structure to humans, we evaluated the 

composition and function of T lymphocytes from normal skin of several non-

human primate (NHP) species, including rhesus macaques, pig-tailed macaques, 

and cynomolgus monkeys (Godin and Touitou, 2007). We re-optimized our cell 

isolation technique for NHP skin, which is considerably thicker than murine skin 

with more subcutaneous fat (see pg. 132). Remarkably, a very large number of 

CD3+ T lymphocytes including CD4+ and CD8+ T cells as well as double negative 

T cells were recovered from normal skin tissue of NHPs (Figure 9A). Of note, a 

majority of double negative T cells did not express γδ TCR (data not shown). We 

next assayed these cells for their potential to produce inflammatory cytokines. 

Considerable portions of cutaneous CD4+ and CD8+ T cells were equipped with 

the potential to produce inflammatory cytokines either IL-17A or INF-γ and few 

double producers were observed in normal skin (Figure 9B). These findings 

reiterated the importance of normal skin as an immune effector site. 

Our survey of murine skin revealed an immense amount of heterogeneity 

in the composition and function of immune cells in different areas of the skin. To 

ascertain if the skin of NHP has similar variations in resident immune cells, we 

compared the T lymphocyte compartment of skin sites that had a higher density 
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of sebaceous glands and hair follicles, such as the face and chest, to those with 

fewer invaginations such as the skin from biceps and quadriceps (Figure 9C). 

Indeed, analogous to our analysis of murine skin, sites with more invaginations, 

such as the face and chest, contained more CD3+ T cells per gram of tissue. 

Furthermore, these sites also contained a significantly greater number of cells 

with the potential to produce inflammatory IL-17A and INF-γ when compared to 

sites with fewer appendages (Figure 9D). Thus, NHP skin is an immunologically 

active organ with site-specific differences in composition of inflammatory T 

lymphocytes.  
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Figure 9: Non-human primate skin sites that have a high density of 
appendages house more inflammatory T cells.  

(A) Representative flow cytometric plots of CD4+ and CD8+ T cells isolated from 
normal nonhuman primate (NHP) skin. (B) Representative flow cytometric plots 
of IL-17A and IFN-γ by live CD3+ T cells either stimulated with PMA/Ionomycin or 
unstimulated control from normal NHP skin. (C) Representative histological 
image of NHP skin sites with a high density of appendages (appendage high) and 
with a low density of appendages (appendage low). (D) Comparative analysis of 
the total number of CD3+ T cells and the number of CD3+ T cells with the potential 
to produce IL-17A or IFN-γ in sites with high or low frequency of appendages 
(Defined in Figure 9C) 
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Chapter 3: Compartmentalized control of cutaneous immunity 
by resident commensals 

 
Abstract 
 

The data presented in Chapter 2, along with numerous published reports, 

have demonstrated that resident immune cells are a major component of skin 

tissue. However, the exogenous factors that regulate the homeostasis and 

function of immune cells in the skin require elucidation. The commensal 

microbiota dominantly control immune cells at other barrier sites, such as the 

intestines. Although complex communities of commensal organisms densely 

populate the skin, their role in tissue function and immune fitness has not been 

evaluated. We thus postulated that indigenous commensal communities, which 

are in close apposition with immune cells in the skin, critically regulate their 

function. To address this hypothesis, we evaluated immune cells in the skin of 

germ-free mice at steady state and during Leishmania major infection. These 

studies led to the following conclusions: 

1. The balance of inflammatory and regulatory T cells in the skin is 

altered in the absence of commensal microbes.  

2. Distinct microbial communities regulate immune cells in the skin 

and intestine. 

3. Skin microbiota drive immunity and pathology during Leishmania 

major infection. 
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Rationale 
	
  

The body is comprised of various tissue microenvironments with finely 

tuned local immune-surveillance systems that are intimately associated with 

distinct communities of commensal organisms. These microbes are not “innocent 

bystanders” but play an active role in maintaining host physiology. In particular,  

intestinal microbiota are essential for metabolism, tissue development, and host 

defense (Hooper et al., 2012; Hooper et al., 2002). More recently, gut-dwelling 

microbes have been implicated in driving systemic inflammation in murine 

models of autoimmunity (Hooper et al., 2012). However, the degree to which the 

gut flora act as the dominant source of commensal signals in the body and 

contributes to immunity at distal sites remains unclear.  

The skin represents the primary interface between the host and the 

environment and is densely populated by diverse communities of commensals 

(Grice et al., 2009). The cross talk between resident skin bacteria and underlying 

dermal compartment is likely to play a complex role in tissue functions. 

Supporting this idea, defined microbial products from the skin commensal, 

Staphylococcus epidermidis, can mitigate inflammation in the context of tissue 

injury (Lai et al., 2009). On the other hand, inflammatory skin disorders such as 

psoriasis, atopic dermatitis, and rosacea have been associated with dysbiosis in 

the resident skin flora (Gallo and Nakatsuji, 2011; Kong et al., 2012). Owing to its 

accessibility, this tissue represents an ideal organ system in which to study the 

unique mechanisms that underlie the dialogue between local flora and resident 
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immune cells and the consequence of such interactions on tissue immune fitness 

and pathology. Despite the primary role of the skin as a physical and 

immunological barrier, the direct contribution of skin commensals to cutaneous 

immunity and host defense has not been addressed. Understanding the host–

commensal dialog in the skin will provide novel insights into the regulation of 

immune cells at this tissue site and reveal the contribution of commensals 

residing in sites outside the intestinal mucosa to host immunity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
	
  
	
  



www.manaraa.com

	
  

64	
  

Results 
 
Commensals control the effector and regulatory T cell equilibrium independently 

of tissue development in the skin. 

 
 In humans, commensal microbes densely cover the surface of the skin 

and reside in appendages such as hair follicles, sebaceous glands, and sweat 

glands. To detect the location of microbial byproducts within skin of mice we 

stained the skin of conventionally raised or specific-pathogen-free (SPF) mice 

with an anti-E. coli antibody. This antibody is capable of detecting major bacterial 

cell wall and cytoplasmic components (data not shown). Consistent with 

previous analysis of human skin, we found that microbes or microbial byproducts 

were intimately associated with the cornified layer of interfollicular epidermis and 

within appendages such as hair follicles and sebaceous glands in the skin of SPF 

mice (Figure 10A). Importantly, these microbial signatures were absent from the 

skin tissue of germ-free mice born in aseptic conditions and reared in sterile 

isolators in the absence of any living bacteria, fungi, protozoa, and exogenous 

virus (Wostmann, 1996)(Figure 10A). 

Using GF mice, mice treated with oral antibiotics, or mice deficient in 

commensal sensing receptors, previous work has revealed that the balance 

between effector and regulatory T lymphocytes in the intestine is tightly controlled 

by commensally derived signals (Hall et al., 2008; Ivanov et al., 2008). In the 

absence of commensal stimuli, a reduction in the frequency of T cells with 



www.manaraa.com

	
  

65	
  

potential to produce IFN-γ and IL-17A and a concomitant increase in the 

frequency of Tregs is observed in the small intestine lamina propria (Ivanov et al., 

2008). Similarly, we observed a significant reduction in the frequency and 

number of TCRβ+ cells with the potential to produce pro-inflammatory cytokines 

IFN-γ and IL-17A in skin tissue of GF mice compared to SPF mice (Figure 11A 

and B).  The capacity of dermal TCRγδlow  cells to make IL-17A was also 

diminished in the absence of commensals (Figure 11B).  Simultaneously, an 

increase in the frequency and number of cutaneous CD4+ Foxp3+ Treg cells was 

observed in the skin of GF mice when compared to SPF mice (Figure 11A).  

One possible explanation for the above-mentioned differences in 

cutaneous T cell subsets is a requirement for the flora in priming cells in the skin-

draining lymph nodes. An analysis of the brachial, inguinal, and retroauricular 

lymph nodes revealed similar frequencies of effector and regulatory T 

lymphocytes (Figure 12A). Additionally, the structure and cellularity of cutaneous 

lymph nodes were comparable between SPF and GF animals, excluding the 

possibility that T cells were not appropriately committed to effector fates in 

lymphoid tissues in the absence of commensals (Figure 12B and C). Because 

alterations in T cell subsets were restricted to the skin tissue and did not extend 

to cutaneous lymph nodes, we excluded a role for the flora in priming and 

polarization of these cells in lymphoid organs at steady state. Instead, we 

postulated that the ability of certain T lymphocytes subsets to migrate to the skin 

is altered, and/or the development of innate cells required for maintenance of T 
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cells in the skin was affected, in the absence of commensals.  

 T cell infiltration into the skin is controlled in part by the surface expression 

of specific chemokine receptors such as P-selectin ligand and CD103 that 

mediate transendothelial migration and tissue retention (Dudda et al., 2008). To 

determine if the observed differences in skin T cell subsets of germ-free mice 

were due to altered frequencies of circulating skin tropic T cells, we assess 

effector and regulatory T cells from the blood, cutaneous lymph nodes, and 

spleens of SPF and GF animals. The proportion of circulating CD4+ and CD8+ 

effectors and Tregs  (P- selectinhi and CD103+ cells) was comparable between GF 

and SPF animals (Table 1). The ability of cells to migrate to peripheral tissues is 

also dependent upon local chemokine expression. Aberrant expression of CXC16 

by lung and colonic epithelia of germ-free mice has been associated with 

increased migration of iNK T cells to these tissues (Olszak et al., 2012). While 

our data show that there are no intrinsic defects in the T cellsʼ ability to migrate to 

the skin in the absence of commensals, we cannot exclude the possibility that 

changes in chemokine expression in the tissue could be responsible for 

alterations in the types of cells recruited or retained.  

 Commensal flora stimulates the development of the intestinal immune 

system by promoting the maturation of both innate and adaptive lymphocytes 

(Cebra, 1999). Differences in the composition of intestinal T cells have been 

partially attributed to developmental deficiencies in the intestine of germ-free 

mice (Cebra, 1999; Round and Mazmanian, 2009). We therefore assessed if 
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development defects were similarly responsible for aberrant cutaneous T cell 

homeostasis in germ-free mice. In contrast to the intestine, the cellularity of the 

CD45+ immune cell compartment in the skin was not altered in GF mice (Figure 

13A).  Additionally, the composition of both γδTCR+ and αβ TCR+ cells in GF 

mice was comparable to that of their SPF counterparts (Figure 13B). Innate cells 

express activating ligands and secrete a variety of cytokines in response to 

environmental clues that modulate the function of T lymphocytes in tissues. 

Previous studies have identified differences in the composition and function of 

specific dendritic cell subsets isolated from the intestine of germ-free mice (Lee 

et al., 2011; Niess and Adler, 2010). We therefore analyzed the innate cell 

compartment of the skin and found no changes in the frequency of dendritic cells 

subsets, mast cells, and eosinophils that reside in the skin (Figure 13C through 

E).  Taken together, our findings show that the absence of commensal microbes 

results in the disequilibrium of effector and regulatory T lymphocytes in the skin. 

Furthermore, alterations in T cell polarization in the lymph nodes, differential skin 

homing capacity, or tissue development were not responsible for changes in T 

cell subset distribution in the skin of GF mice. 
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Figure 10: Commensal byproducts are found on the surface of the skin and 
in appendages.  

(A) Immunofluorescence labeling of bacterial products in (1) interfollicular 
keratinocytes and (2) hair follicles from skin tissue of specific pathogen-free 
(SPF) and germ-free (Bisgaard et al.) mice. Representative images of naïve skin 
stained with anti- E. coli lysate antibody (Red) or isotype control and HOECHST 
(Wen et al.) 
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Figure 11: Commensal microbiota control the balance of effector and 
regulatory T cells in the skin tissue. 

(A) Representative flow cytometric plots and summarized graphs of frequency 
and numbers of IFN-γ, and Foxp3 expressing live CD45+ TCRβ+ cells extracted 
from skin tissue of SPF (n) and GF (o) mice after (PMA)/ Ionomycin stimulation. 
Bar graphs show the mean of 3-4 mice ± SEM. Results are representative of 3 
experiments. (B) Representative flow cytometric plots and summarized graphs of 
frequency and numbers of IL-17A+ live CD45+ TCRγδ+ or CD45+ TCRβ+ cells from 
skin tissue of SPF (n) and GF (o) mice post PMA/ Ionomycin stimulation. 
Graphs show a mean of 3-4 mice ± SEM. Results are representative of 3 
experiments. (*p< 0.05, ** p< 0.005, *** p< 0.0005). 
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Figure 12: Comparable cellularity and structure of skin draining lymph 
nodes from SPF and GF mice. 

(A) Representative plots of IFN-γ, and Foxp3 expression in live CD45+ TCRβ+ 

CD4+ cells and IL-17A expression in live CD45+ cells extracted from cutaneous 
lymph nodes of SPF (n) and GF (o) mice post PMA/ Ionomycin stimulation. 
Results are representative of 3 experiments. (B) Quantification of total CD45+ 
hematopoietic cells from the skin associated lymph nodes of SPF (n) and GF (o) 
mice. Error bar is a mean of 4 mice ± SEM. Results are representative of 3 
experiments. (C) Representative images of retroauricular lymph node sections 
from naïve SPF and GF mice immunolabeled with anti-B220 (White; labels B 
cells), CD8 (Red) CD4 (Wen et al.) and Collagen IV (Green). Results are 
representative of 2 experiments.  
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Table 1: Circulating T lymphocytes from SPF and GF mice have equivalent 
surface expression of skin homing markers. 

(A) Summary of skin-homing markers expressed by T cells from blood, 
cutaneous lymph node, and spleen of SPF and GF mice. Skin-homing subsets 
were defined as follows: CD44hi CD4+ T regs and T effectors were evaluated for 
CD103 and high P-selectin ligand surface expression and CD44hi CD8+ T 
effectors were analyzed for high P-selectin ligand surface expression. Results 
are representative of 2 experiments. 
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Figure 13: Composition of skin immune cells is maintained in the absence 
of commensals. 

(A) Quantification of total CD45+ hematopoietic cells from the skin of SPF (n) and 
GF (o) mice. Error bar is a mean of 4 mice ± SEM. Results are representative of 
3 experiments. (B) Frequency of TCRγδ+ and TCRβ+ subsets from the skin tissue 
of SPF (n) and GF (o) mice Error bar is a mean of 4 mice ± SEM. Results are 
representative of 3 experiments.  (C-E) Summarized proportions of eosinophils, 
mast cells, and various dendritic cell subsets from skin tissue of SPF (n) and GF 
(o) mice. Error bar is a mean of 4 mice ± SEM. Results are representative of 2-3 
experiments. 
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Distinct commensal niches in the skin and gut locally regulate immunity. 

 
 The intestine is home to the bodyʼs most densely populated commensal 

niche, which is known to impact immunity both locally and systemically (Atarashi 

and Honda, 2011). For instance, Polysaccharide A (PSA) derived from gut-

dwelling Bacteroides fragilis, is able to modulate the function of splenic CD4+ T 

cells (Mazmanian et al., 2008). Additionally, signals emanating from intestinal 

microbiota have been shown to promote inflammation in mouse models of 

systemic autoimmunity. Alterations of the gut flora can impact immune pathology 

in the diabetic, arthritogenic, and encephalitogenic animals (Kriegel et al., 2011; 

Lee et al., 2011; Wu et al., 2010). The intestinal flora have also been shown to 

influence the development of immunity to pathogens in distal sites such as the 

lung (Ichinohe et al., 2011). Thus, it was likely that cutaneous T cells, which 

constantly recirculate throughout the body, may encounter and respond either 

directly or indirectly to signals derived from the intestinal microbiota.   

 Segmented filamentous bacteria (SFB) intimately associate with the 

intestinal epithelia and promote the maturation of effector T cells in the underlying 

lamina propria (Ivanov et al., 2009). Mice bred by Taconic farms contain high 

levels of intestinal SFB and consequently more IL-17A than mice bred by 

Jackson Laboratories (Ivanov et al., 2008). We assessed the skin of these 

animals to test whether intestinal SFB could impact cutaneous T cell function. In 

accord with previous reports, mice from the Jackson Laboratories harbored 
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significantly lower levels of IL-17A in their intestines than mice from Taconic 

Farms (Figure 14A). However, levels of IL-17A were comparable in the skin of 

these animals (Figure 14A). Consistent with these findings, association of germ-

free mice with SFB was sufficient to raise intestinal IL-17A and IFN-γ production 

levels to those of SPF mice, but did not restore T cell cytokine production or 

impact Tregs in the skin (Figure 14B though D). 

 In addition to SFB, the intestine is colonized by a plethora of commensal 

species that could individually or cumulatively impact immunity in the skin. To test 

their role in modulating cutaneous T cell function, we treated mice with a 

commonly used cocktail of oral antibiotics (Ampicillin, Vancomycin, 

Metronidazole and Neomycin Sulfate) known to change the quantity and quality 

of the gut microbiota (Hill et al., 2010). To evaluate the impact of this regimen on 

the skin microbiota, we measured the density and characterized the composition 

of 16s rDNA genes isolated from the stool and skin after oral antibiotic treatment. 

While dramatic differences were observed in density (~ 7 fold decrease) and 

composition of the intestinal commensals, the cutaneous microbiota was not 

perturbed by this treatment (Figure 15 A through C). Thus, this intervention 

represents a valid approach for selectively manipulating gut flora while 

maintaining skin flora intact. Of note, residual 16S rDNA genes in the intestine of 

mice treated with an oral antibiotic have previously been shown to be derived 

from the food (Hill et al., 2010). Intestinal T cells have diminished potential to 

make inflammatory cytokines IL-17A and IFN-γ after oral antibiotic treatment (Hall 
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et al., 2008; Ivanov et al., 2008). IL-17A and IFN-γ production were reduced in 

the gut but not the skin after oral antibiotic treatment (Figure 15D). These 

findings demonstrate that the gut microbiota control T lymphocytes locally and 

that regulation of cutaneous T cell subsets is not dependent upon signals from 

the gut microbiota. 

  Diverse communities of commensal organisms are found in the peaks 

and valleys of the skin (Grice et al., 2009). We hypothesized that these resident 

organisms could directly control T cells in the underlying dermis. To test this, we 

made use of Staphylococcus epidermidis isolated from the normal human skin 

(Conlan et al., 2012). Of note, human commensal isolate S. epidermidis was 

used to address the contribution of cutaneous flora because of difficulties 

culturing commensals from our mouse colonies. We confirmed that this human 

commensal was able to stably colonize the skin of mice and could therefore 

serve as a model commensal organism (data not shown). This commensal was 

also used because it has no known function in processing of dietary factors in the 

intestine and therefore allowed us to dissociate the role of direct immune 

recognition from metabolic alterations in mono-colonized germ-free animals. 

Remarkably, associating germ-free mice with this single commensal organism 

topically was sufficient to restore IL-17A levels in the skin (Figure 16A and B). 

Accentuating the compartmentalized regulation of T cells in the skin and gut, S. 

epidermidis colonization did not alter intestinal IL-17A production in germ-free 

mice (Figure 16A and B). Germ-free mice mono-associated with S. epidermidis 
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were treated with oral antibiotics to confirm that S. epidermidis exerted its effects 

locally. Mono-associated mice treated with oral antibiotics had similar levels of IL-

17A in their skin as animals treated with vehicle control (Figure 16C).  These 

data reveal a non-redundant role for distinct commensal niches in the skin and 

gut in locally controlling T effector maturation.  
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Figure 14: Gut resident Segmented Filamentous Bacteria (SFB) does not 
influence skin T lymphocyte subsets. 

(A) Assessment of IL-17A expression by live CD45+ TCRβ+ cells from the 
intestine and skin of SPF mice from Taconic Farms and Jackson Laboratories (B-
C) Comparative analysis of IL-17A and IFN-γ expression from the intestine and 
skin of SPF, GF, and GF mice mono-associated with Segmented Filamentous 
Bacteria (SFB). Flow cytometry plots are gated on live CD45+ TCRβ+ cells. 
Results are representative of 2 experiments. (D) Representative plots of IFN-γ 
and Foxp3 expression in the skin of SPF, and GF mice mono-associated with 
Segmented Filamentous Bacteria (SFB). Plots gated on live CD45+ TCRβ+ cells. 
Results are representative of 2 experiments. (***p<0.0005). 
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Figure 15: Inflammatory T cell cytokine production in the skin is not 
influenced by quality and quantity of intestinal commensals. 

(A) Quantification of 16S rDNA copies in the skin tissue and fecal pellet of mice 
treated with oral antibiotic (ATB) or water control (Ctrl). Results are 
representative of 2 experiments. (B) Taxonomic affiliations at the phyla levels of 
16s rDNA gene sequence data clustered at 97% identity from skin tissue and 
fecal pellet of control and antibiotic treated mice. Principal coordinate analysis 
(PCoA) of unweighted pairwise UniFrac distances from a phylogenetic tree of 
unique reads. (C) Taxonomic classifications at the phylum level for 16S rDNA 
gene sequence data clustered at 97% identity from skin tissue and fecal pellet of 
control and antibiotic-treated mice treated for 4 weeks. Each column represents 
an individual mouse. (D) Assessment of IFN-γ production in live CD45+ TCRβ+ 

cells and IL-17A production in live CD45+ cells from skin and intestine of mice 
treated with oral antibiotic cocktail (ATB (o)) or water (Ctrl (n)) for 4 weeks. 
Graphs represent a mean of four mice ± SEM. Results are representative of 2-3 
experiments. (**p<0. 005, ***p<0. 0005).  
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Figure 16: Resident commensal Staphylococcus epidermidis controls the 
levels IL-17A in skin tissue. 

(A-B) Flow cytometric analysis of IL-17A production in live CD45+ TCRβ+ cells 
from the gut and skin of SPF, GF, and GF mice mono-associated with S. 
epidermidis (GF+S.epi) for 2-3 weeks. Graphs represent the mean of 3-5 mice ± 
SEM. Results are representative of 2 experiments. (C) Representative plots of IL-
17A production in live CD45+ TCRβ+ cells from skin of GF mice associated with 
S. epidermidis and treated with oral vancomycin (ATB) or unsupplemented water 
(Ctrl). Results are representative of 1 experiment with 4 mice per group. 
(**p<0.005). 
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Cutaneous commensals control immunity to dermal pathogen Leishmania major. 

 
The gut microbiota acts as a natural adjuvant and drives immunity and 

pathology during intestinal infections. Studies from our lab and others have 

shown that germ-free mice, mice treated with oral antibiotics, or mice deficient in 

commensal sensing toll-like receptors (TLRs) or nucleotide-binding 

oligomerization domain (NOD)-like receptors (NLRs) are unable to control 

pathogen replication due to improper formation of protective immune responses 

(Ivanov and Honda, 2012). Thus the development of a proper immune response 

in the intestinal barrier relies heavily on the availability of stimulatory molecules 

from the resident microbiota.  

The skin is routinely infected by a variety of bacterial, fungal, and 

protozoan pathogens. We therefore sought to evaluate if the resident microbiota 

were necessary for immunity to pathogens in the skin. To further probe the 

functional role of skin commensals in the control of protective and pathological 

responses to pathogens, we took advantage of a well-defined model of a non-

disseminating dermal infection induced by the protozoan parasite Leishmania 

major (Belkaid et al., 2000). Immunity and pathology in this infectious model are 

critically dependent upon T-cell-derived IFN-γ. Intradermal inoculation of germ- 

free mice resulted in significantly smaller lesions with markedly reduced edema, 

necrosis, and immune infiltrate when compared to SPF mice (Figure 17A and 

B). We next evaluated the Leishmania specific inflammatory response in T cells 
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from the dermal lesions of SPF and GF animals. Germ-free mice had significantly 

fewer Leishmania specific IFN-γ+ and TNFα+ T cells in their skin when compared 

to commensally replete animals (Figure 17C and D). Consistent with an 

impaired immune response, germ-free mice harbored a greater number of 

parasites in their dermal lesions (Figure 17E). Diminished T cell immunity to L. 

major in germ-free mice could be a result of defective T cell polarization. 

However, T cells from GF and SPF mice expressed similar levels of canonical 

Th1 transcription factor T-bet and produced similar amounts of IFN-γ in response 

to non-specific phorbol myristate acetate and ionomycin stimulation (data not 

shown). Although T cells from L. major lesions of germ-free mice did not exhibit 

defects in their potential to produce IFN-γ, they were unable to make IFN-γ in 

response to Leishmania antigen.  

 Persistent infection and impaired immune responses during L. major can 

be attributed to increased regulatory features, such as the production of anti-

inflammatory cytokine IL-10 or the accumulation of regulatory T cells (Belkaid et 

al., 2002). However, we did not observe an increased in regulatory T cells 

frequencies or IL-10 production in the lesions of germ-free mice (Figure 18A and 

B). Often, strains of mice susceptible to Leishmania infection, such as BALB/c 

mice, fail to develop a proper Th1 response and instead harbor high levels Th2 

cytokines in their skin (Jones et al., 1998). Per contra, susceptibility in the 

absence of commensals was not associated with increased Th2 polarization, as 

GF and SPF mice produced comparable amount of IL-4 (data not shown). 
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These findings rule out excessive regulation or improper Th2 development as 

potential causes of increased susceptibility to L. major in germ-free mice.  

 We thus postulated that skin commensal signals promoted inflammatory 

responses locally in the dermis. Indeed, topical association of germ-free mice 

with Staphylococcus epidermidis at the time of infection was sufficient to restore 

both immunity and pathology to L. major.  Monoassociated mice manifested 

larger and more necrotic lesions that resembled SPF controls (Figure 19A and 

B). Consistently, the addition of S. epidermidis to the skin of germ-free mice 

restored Leishmania specific INF-γ production and parasite control (Figure 19B 

through D). To test the contribution of the gut flora to the development of 

protective immunity, we infected orally antibiotic-treated mice with L. major. This 

treatment did not impact the development of dermal lesions or pathogen specific 

INF-γ responses (data not shown). We further confirmed a role for S. 

epidermidis in augmenting immunity locally by  treating mono-associated animals 

with oral antibiotics during L. major infection (Figure 19E and F). This study 

underscored the role of distinct commensal niches in discretely controlling 

immune cells in adjacent tissue sites at steady state and during inflammation.  
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Figure 17: Immunity and pathology to Leishmania major is impaired in 
germ-free mice. 

(A-B) Histopathological comparison of ear pinnae skin lesions from L. major 
infected SPF and GF mice. Assessment of lesion size in SPF (l) and GF (¡) 
mice. Each data point represents an individual mouse. (C-D) Flow cytometric 
analysis of Leishmania antigen-specific IFN-γ  and TNF-α  production by TCRβ+ 

CD4+ dermal cells from L. major infected SPF (l) and GF (¡) mice. Each data 
point represents an individual mouse. Results are representative of 3 
experiments. (E) Number of L. major parasites per 1000 nucleated cells from 
dermal lesions of infected SPF (l) and GF (¡) mice. Each data point represents 
an individual mouse. (**p< 0.005, ***p< 0.0005). 
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Figure 18: Regulatory signatures are not increased in the skin of germ-free 
mice during infectious challenge. 

(A) Analysis of Leishmania specific IL-10 production by live CD45+ TCRβ+ CD4+ 
cells from SPF (l) and GF (¡) mice. Each bar is a mean of 10 mice ± SEM. 
Results are representative of 3 experiments. (B) Frequency of regulatory T cells 
(live CD45+ TCRβ+ CD4+ Foxp3+) in L. major infected skin lesions of SPF (l) and 
GF (¡) mice. Each bar is a mean of 4 mice ± SEM. Results are representative of 
3 experiments. 
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Figure 19: Cutaneous commensals drive immunity and promote pathology 
during Leishmania major infection. 

(A) Assessment of lesion size in SPF (l), GF (¡), and GF mice mono-
associated with Staphylococcus epidermidis (GF +S.epi (l)). Each data point 
represents an individual mouse, (**p< 0.005). Results are representative of 2 
experiments. (B-C) Representative image of L. major skin lesions and analysis of 
IFN-γ production by live CD45+ TCRβ+ cells from SPF (l), GF (¡) and GF + S. 
epi (l) mice. Each data point represents an individual mouse. Results are 
representative of 2 experiments (D) Number of L. major parasites per 1000 
nucleated cells from dermal lesions of infected SPF (l), GF (¡), and GF mice 
mono-associated with Staphylococcus epidermidis (GF +S.epi (l)). Results are 
representative of 2 experiments. Each data point represents an individual mouse 
(E-F) Assessment of Leishmania specific IFN-γ production by TCRβ+ CD4+ in GF 
+ S. epi mice treated with either oral vancomycin (ATB (¡)) or water (Ctrl (l)). 
Each data point represents an individual mouse.  Results are representative of 1 
experiment.  (*p< 0.05, **p< 0.005, ***p< 0.0005). 
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Chapter 4: Skin commensals control immune cells via a distinct 
IL-1/CD40-dependent mechanism 

 
Abstract 
 

The skin is densely populated with commensal organisms and the findings 

described in Chapter 3 illustrate the importance of these resident organisms in 

the direct control of immunity. How cutaneous commensals dialog with the host 

immune system and the importance of these signals in ensuring the proper 

generation and regulation of immune responses is unclear. To date, the 

mechanisms underlying host commensal cross talk have only been examined in 

the intestinal mucosa. Furthermore, whether the modes of immune–commensal 

interactions along the bodyʼs epithelial barriers are ubiquitous or if there are 

unique mechanisms responsible for this dialogue in distinct tissue sites requires 

elucidation. This study aimed to identify the commensally driven factors that 

control T lymphocytes in skin tissue and revealed the following: 

1. T lymphocytes rely on local IL-1/CD40 signals within the skin for 

appropriate cytokine production. 

2. Effector T cells in the skin and gut are controlled by distinct 

mechanisms.  

3. Cutaneous commensals amplify the IL-1 pathway to tune the 

function of T cells locally.  

4. Protective immunity to Leishmania major is critically dependent 
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upon commensally driven IL-1. 

Rationale 
	
  

The host immune system senses pathogenic and commensal microbes 

through a serious of conserved receptors known as Pattern Recognition 

Receptors (PRR). In the intestine, several immune and metabolic receptors have 

been identified as essential mediators of the host commensal dialogue (Rakoff-

Nahoum and Medzhitov, 2008). For instance, sensing of gut flora DNA via TLR9 

is necessary for limiting Tregs and promoting effector T cell responses in the 

intestinal mucosa at steady state and during pathogen challenge (Hall et al., 

2008).  

Mechanisms underlying immune commensal cross talk outside the 

intestine, however, are largely unknown. Additionally, because of its primary role 

in nutrient absorption, the intestinal barrier is considerably more permissive than 

other epithelial sites (Chemical Society (Great Britain)). On the other hand, the 

skin has several layers of squamous epithelium that make up a more restrictive 

barrier. Moreover, several groups have uncovered the importance of intestinal IL-

6 in controlling Th17 function in the gut (Hall et al., 2008; Ivanov et al., 2006). Yet 

the cytokine factors necessary for controlling T cell function in the skin have not 

been defined. Due to the restrictive nature of the keratinocyte barrier, it is likely 

that T cells in the skin may respond to secondary mediators, such as innate 

cytokines, rather than to pathways involving direct commensal sensing. 

Understanding how T lymphocytes in the skin are regulated and the means 
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by which cutaneous commensals modulate these pathways will provide novel 

insights into the tissue-specific regulation of immune cells.  In Chapter 3, we 

described a distinct role for the cutaneous microbiota in locally promoting T 

lymphocyte function. Using a “bottom-up” approach, we first identified the innate 

mediators that direct T effector function in the skin and then assessed the role of 

commensals in amplifying these pathways. This study led to a better 

understanding of the tissue-specific pathways that control immune cells in distinct 

compartments and uncovered how unique commensal niches co-opt these 

pathways to locally promote immunity.  
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Results 
	
  

IL-1 and CD40 signaling are necessary for IL-17A and IFN-γ production in the 

skin, but not the gut. 

 
T effector lymphocytes in the skin are equipped with the potential to 

produce substantial amounts of inflammatory cytokines IL-17A and IFN-γ. 

However, the dominant factors that promote cytokine production in this tissue 

have not been defined. Studies using recombinant proteins and in vitro culture 

systems or experimental inflammatory models have identified several factors that 

can promote cytokine production from both γδ and αβ T cells (Zhu and Paul, 

2010). Using a candidate approach, we examined cytokine production in the skin 

of mice that were deficient in each of these previously defined innate factors. 

Although optimal induction of Th17 may rely on synergistic signals, we found that 

IL-1 plays as dominant role in the skin tissue as IL-1R1, but not IL-6, or IL-23R 

deficient mice displayed a significant reduction in IL-17A production from both αβ 

and γδ T cells in skin tissue compared to control mice (Figure 20A). In addition, 

mice deficient in signaling molecules downstream of IL-1R1, MyD88, and 

MyD88/TRIF double-deficient mice (Muzio et al., 1997), phenocopied the defect 

in IL-17A production observed both in IL-1R1 deficient and germ-free mice 

(Figure 20A).  

In addition to IL-1R1, MyD88 adaptor protein also promotes IL-18 and TLR 
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signaling. Because mice deficient in various TLRs and IL-18 did not have 

diminished IL-17A in the skin, we were able to exclude their role in controlling the 

production of this cytokine. (Figure 20A and B). Importantly, ligation of TLR2 

with byproducts isolated from skin commensal S. epidermidis signaling results in 

the induction of anti-inflammatory responses in the context of tissue injury (Lai et 

al., 2009). However, this signaling pathway did not contribute to steady-state T 

cell regulation in the skin, and TLR2 knockout mice had levels of IL-17A similar to 

their WT counterparts (Figure 20B). 

 We next investigated the innate mediators that control IFN-γ production in 

the dermis. Strikingly, the capacity of CD4+T cells to produce IFN-γ was lost in 

CD40-deficient animals, but not in MyD88, TRIF, TNFα, IL-6, IL-18, and IL-

12p40-deficient animals. This revealed a non-redundant function for CD40 in the 

control of IFN-γ production by dermal CD4+T cells (Figure 21C).  Of note, mice 

deficient in TLR2, TLR3, TLR5, and TLR9 did not have impaired IFN-γ in the skin 

(data not shown). In contrast to in vitro reports (Perona-Wright et al., 2009), 

CD40 signaling was dispensable for IL-17A production by both αβ and γδT cells 

(data not shown). 

In Chapter 3, we highlighted the role of flora in the local regulation of T 

cells in the skin and the intestine.  Therefore, it was highly likely that innate 

signals that govern T cell function would also be segregated in distinct tissue 

sites. Indeed, IL-6, a critical regulator of IL-17A in the intestine, is nonessential 

for IL-17A production in the skin (Figure 21A). Conversely, levels of IL-17A in 
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MyD88/TRIF- or IL-1R1-deficient mice were unaffected in the intestinal lamina 

propria (Figure 21A and B). Additionally, CD40-deficient mice had no defect in 

IFN-γ production in the gut compartment (Figure 21C). These findings illustrated 

a compartmentalization of the signals that control T cells in distinct tissue sites 

and provided instructive clues to the possible mechanisms underlying the 

immune–commensal dialog in the skin.  
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Figure 20: IL-R1 and CD40 signaling, respectively, are necessary for IL-17A 
and IFN-γ  production in the skin. 

(A) Expression of IL-17A by live CD45+ skin cells from various knockout mice 
relative to co-housed wild-type control mice. Each bar is representative of 2-3 
experiments with 2-4 mice per group. (B) Expression of IL-17A by live CD45+ skin 
cells from Tlr2, Tlr3, Tlr5, and Tlr9 -/- mice relative to co-housed wild-type control 
mice. Each bar is representative of 2-3 experiments with 2-4 mice per group. (C) 
Expression of IFN-γ by live CD45+ TCRβ+ skin cells from various knockout mice 
relative to co-housed wild-type controls. Each bar is representative of 2-5 
experiments.  
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Figure 21: Under steady state conditions, IL-1R1 and CD40 control 
cutaneous, but not intestinal T cells  

(A) Flow cytometric analysis of IL-17A production by live CD45+ TCRβ+ cells in 
skin and intestine of co-housed age matched Myd88-/- and Il1r1-/- mice. Graphs 
represent a mean of 3-4 mice ± SEM. Results are representative of 2-3 
experiments. (***p< 0.0005). (B) Flow cytometric analysis of IFN-γ production by 
live CD45+ TCRβ+ cells in skin and intestine of co-housed age matched CD40-/- 
mice. Graphs represent a mean of 3-4 mice ± SEM. Results are representative of 
2-3 experiments. 
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Commensally driven IL-1 signaling tunes the function of resident T cells in the 

skin.   

 
 A variety of cell types, critical for promoting skin immunity, are known to 

respond to microbial signals. These include radio-resistant epidermal 

keratinocytes and Langerhans cells as well as radio-sensitive hematopoietic cells 

such as T lymphocytes and DCs. To ascertain the importance of MyD88/TRIF 

signaling within these cellular compartments, we generated mixed bone marrow 

chimeras. Congenically marked 70% Myd88/TRIF-/-: 30% wild type chimeras 

were generated using Rag1-deficient animals as hosts (Figure 22A). Rag- 

deficient hosts were used in place of wild-types animals, as we have previously 

observed low chimerism in T cell compartment (<30%) of the skin (data not 

shown). Of note, this experimental setting leads to irradiation-induced 

inflammation and homeostatic proliferation of T cells. Under these conditions, 

MyD88 signaling was required for the production of both IFN-γ and IL-17A from 

αβ T cells in the skin.  (Figure 22B and C). Consistent with a partitioning of the 

dominant signals controlling the skin and gut environments, MyD88 deficiency in 

the radiosensitive compartment had no impact on T cell potential to produce IL-

17A or IFN-γ in the intestine (Figure 22B and C). Thus, MyD88 signaling in the 

radiosensitive compartment is crucial for T cell activation in the skin.  

 On the basis of the pleiotropic role of IL-1, this effect may result from direct 

IL-1 signaling in T cells and/or modulation of various innate inflammatory cells 
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such as neutrophils. Importantly, both αβ and γδ effector T cells are known to 

express IL-1R1, and produce IL-17A in response to IL-1 stimulation in vitro (Gray 

et al., 2011; Guo et al., 2009; Shaw et al., 2012). We therefore sought to 

investigate the importance of IL-1 signaling directly on T cells isolated from the 

skin. To this end, purified dermal αβ and γδ lymphocytes were stimulated via their 

T cell receptors using anti-CD3 in the presence of recombinant IL-1α, IL-1β, or 

IL-6. Under these conditions, IL-1α, IL-1β, but not IL-6 potently increased the 

capacity of αβ and γδ T cells to release IL-17A (Figure 23A and B). Thus, T cells 

that reside at dermal sites can be functionally tuned by the local cytokine milieu 

and in particular by IL-1. 

 We next explored the possibility that IL-1 signaling may be diminished in 

the absence of commensals. We thus surveyed the spontaneous release of 

various innate cytokines from the skin of GF and SPF animals (data not shown). 

This screen revealed a specific impairment in cutaneous IL-1α production in the 

absence of commensals (Figure 24A).  Additionally, mono-association of GF 

mice with S. epidermidis restored the production of this cytokine by cutaneous 

cells  (Figure 24A). This screen also indicated that the skin of germ-free mice 

had greater levels of IL-1 receptor antagonist (IL-1ra), which were negatively 

regulated by the addition of S. epidermidis (Figure 23B). Although the dominant 

cellular source of IL-1 in the skin is not known, keratinocytes have been identified 

as the primary producers of IL-1ra under steady state conditions (Ishida et al., 
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2006). Indeed, interfollicular keratinocytes isolated from the skin of GF mice 

displayed increased levels of the IL-1 receptor antagonist (IL-1ra) mRNA 

compared to SPF mice. These findings confirm that various aspects of IL-1 

signaling are controlled by resident commensals and that optimal IL-1 signaling is 

essential for setting the T cell inflammatory set point in the skin. 
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Figure 22: MyD88 signaling in radio-resistant cells is necessary for 
inflammatory cytokine production in the skin. 

(A) Schematic for generation of bone marrow chimeras to evaluate immune cells 
in the skin. Gating strategy for identifying wild type and Myd88-/-/Ticam1-/- 
(Ticam1 encodes TRIF) cells in skin of bone marrow chimeric mice. (B) 
Comparative assessment of IFN-γ and IL-17A production from WT and Myd88-/-

/Ticam1-/- TCRβ+ cells from mixed bone marrow chimeric mice. Bar graphs show 
the frequency of cytokine production by knockout and wild type TCRβ+ cells ± 
SEM. Results are representative of 2 experiments in the skin and 1 experiment in 
the gut. (**p< 0.005). 
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Figure 23: Direct IL-1 signaling in skin αβ and γδ  T cells is sufficient to 
promote IL-17A production in vitro.  

(A) Assessment of IL-17A production from purified dermal TCRgdlow cultured in 
vitro in the presence of anti-CD3 and either IL-1α, IL-1β or IL-6. Error bar is a 
mean of 3 experimental groups ± SEM. Results are representative of 3 
experiments. (B) IL-17A production from purified skin CD45+ TCRβ+ cells cultured 
in vitro in the presence of anti-CD3 and either IL-1α, IL-1β or IL-6. Graphs 
represent the mean of 3 experimental groups ± SEM (*p< 0.05). Results are 
representative of 3 experiments. 
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Figure 24: Skin commensals control steady state levels of IL-17A by locally 
promoting IL-1 signaling. 

(A) Spontaneous release of IL-1α from skin-derived cells of SPF (n), GF (�), and 
GF + S.epi (n) ± SEM mice as measured by ELISA. (B) Spontaneous release of 
IL-1ra  from skin-derived cells of naïve SPF (n), GF (�), and GF + S.epi (n) mice 
as measured by ELISA (C) Gene expression analysis of IL-1α, IL-1β and IL-1ra 
in interfollicular a6+ keratinocytes from SPF (l) and GF (¡) using NanoString 
nCounter analysis. (D) Number of CD45+ TCRβ+ IL-17A+ T cells from the skin of 
GF mice mono-associated with S. epidermidis treated with either IL-1ra (¡) or 
PBS control (l) Results are representative of 1 experiment. Each data point 
represents an individual mouse. (*p< 0.05, **p< 0.005, ***p< 0.0005).   
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S. epidermidis modulates T cell function at steady state and during L. major 

infection in an IL-1 dependent manner.  

The data presented above support a role for skin commensals in 

enhancing IL-1 signaling locally, which in turn augments inflammatory cytokine 

production from T cells. To functionally link commensally driven IL-1 signaling to 

T cell immunity in the skin, we blocked the downstream effects of S. epidermidis 

dependent IL-1 production by treating mono-associated animals with 

recombinant human IL-1ra (Anakinra). Of note, the neutralizing activity of IL-1ra 

administered intraperitoneally was confirmed in the skin by measuring the 

blockade of genes induced by intradermally injecting IL-1α (data not shown). 

Using this approach, we evaluated the importance of commensal-driven IL-1 in 

IL-17A production in the skin.  Neutralizing IL-1 activity in mono-associated 

animals hindered this bacteriumʼs ability to rescue IL-17A at steady state (Figure 

24D).  

Previous reports have attributed diminished immunity in MyD88-deficient 

animals to impaired sensing of Leishmania parasite (Muraille et al., 2003). 

However, to date, parasite-derived TLR ligands relevant for immunity in vivo have 

not been identified. To this end, we found that compromised immunity in MyD88-

deficient animals was phenocopied by IL1R1-deficient animals, as these mice 

exhibited impaired ability to make Leishmania specific IFN-γ (Figure 25A 

through C). Complementing this, SPF mice treated with IL-1ra during the first 
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week of infection were unable to mount proper IFN-γ responses to L. major 

(Figure 26A). These data support a role for commensally driven IL-1 in 

promoting immunity to Leishmania.  Indeed, treatment with IL-1ra impaired the 

ability of S. epidermidis to augment IFN-γ responses in germ-free mice infected 

with L. major (Figure 26B). Therefore, the adjuvant effect of skin commensals 

relies on their ability to locally boost IL-1 signaling.   
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Figure 25: IL-1R1- and MyD88-deficient mice are highly susceptible to 
Leishmania major infection. 

(A-B) Analysis of L. major-infected wild-type  (l) and Myd88-/-/Ticam1-/- or Il1r1-/- 
(¡) mice.  Results are representative of 2 experiments. (C) Number of L. major 
parasites per 1000 nucleated cells from dermal lesions of infected WT (l) and 
Myd88-/-/Ticam1-/- (¡) mice. Each data point represents an individual mouse (*p< 
0.05). 
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Figure 26: Commensally driven IL-1 augments immunity to Leishmania 
major. 

(A) Flow cytometric assessment of L. major-specific IFN-γ production from TCRβ+ 
CD4+ T cells from the skin of SPF animals treated with either IL-1ra (¡) or PBS 
(l) Results are a compilation of 2 experiments.  (B) L. major-specific IFN-γ 
produced by TCRβ+ CD4+ T cells from the skin of GF mice mono-associated with 
S. epidermidis and treated with either IL-1ra (¡) or PBS (l) Results are 
representative of 2 experiments. Each data point represents an individual mouse. 
(**p< 0.005) 
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Chapter 5: Discussion 

Normal skin is immunologically active and heterogeneous.  
	
  
 The skin barrier forms a critical interface with the terrestrial environment 

and is therefore tasked with protecting our internal organs from harmful agents. 

To do so, layers of stratified squamous epithelia supported by a network of 

immune cells form a physical and chemically restricted barrier (Fuchs and 

Nowak, 2008; Kupper and Fuhlbrigge, 2004). Although it is widely accepted that 

skin is a primary immune effector site and has been extensively used as a model 

organ to study the induction of immune responses, little is known about the 

composition and regulation of immune cells in normal skin. A study by Clark and 

colleagues enumerated T cells from normal human skin biopsies and estimated 

that the total surface of the skin may have as many as 2 × 1010 resident T cells 

(Clark et al., 2006; Schaerli et al., 2006). However, the phenotype and functional 

capacity of T cells and their relative contribution to barrier protection in normal 

skin is largely unknown.  

In Chapter 2, using novel cell extraction techniques, we find that the 

normal skin of mice and non-human primates (NHPs) contains a large number of 

T cells with the potential to produce the inflammatory cytokines IFNγ and IL-17A. 

The importance of these inflammatory T cell populations is evidenced by 

increased susceptibility to dermal pathogens in patients with deficiencies in IFNγ 

and IL-17A (Puel et al., 2011). In fact, previous studies have shown that resident 

T cells preferentially associate with appendages in skin tissue (Clark et al., 2006; 
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Schaerli et al., 2006). Consistent with this, we find that skin sites with a high 

numerical density of appendages also house significantly greater numbers of 

inflammatory T cells. Using an antibody that detects major bacterial and cell wall 

components, we confirmed that in line with previous reports, skin appendages 

are enriched in microbial byproducts. Thus, it is tempting to speculate that 

microbial-driven signals emanating from skin appendages drive inflammatory T 

cells specifically to these locations within the tissue. Indeed, Nagao and 

colleagues show that following inflammatory stress, hair follicle keratinocytes 

secrete chemokines to direct the migration of Langerhans cell progenitors to the 

epidermis (Nagao et al., 2012). How this process is influenced by commensals 

and if similar mechanisms direct T lymphocytes within the skin remains to be 

understood. Evaluating the composition and function of T cells in the skin of mice 

that lack hair follicles and other appendages is likely to shed light on the relative 

importance of these commensal niches in the maintenance of effector T cells in 

the skin.  

T cells that localize to the skin appendages may also serve a vital role in 

regulating commensals within these specific anatomical sites. In support of this, 

90% of patients with acquired immune deficiency syndrome (AIDS) that have 

specific defects in IL-17A production manifest inflammatory skin disorders that 

are associated with appendages, including seborrheic dermatitis. (Sampaio et al., 

2011; Smith et al., 1994). Whether the depletion of IL-17A producing T cells in 

the skin of these patients results in the outgrowth of disease causing pathobionts 
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is unknown. 

 In addition to mapping the heterogeneous immune landscape of the skin, 

we were able to correlate the presence of effector T cells with certain microbial 

signatures. For instance, Proteobacteria are predominantly found on the back 

and belly skin of mice, and these sites also contain greater frequencies of IFN-γ− 

and IL-17A-producing TCRβ+ cells. In contrast, ear skin dominantly housed 

Firmicutes and has fewer resident effector T lymphocytes with the capacity to 

produce inflammatory cytokines. It will be important to determine how the quality 

and quantity of these signatures impact the localization and function of immune 

cells in distinct niches within the skin. Additionally, it is unclear whether the 

specific microbes that reside in appendages are uniquely capable of modulating 

immunity locally, or if the increased concentration of microbial signals in these 

anatomical sites discretely enhances immune function. Moreover, further 

investigation is needed on the specific host receptors that facilitate commensal 

communication with the immune and stromal cells lining skin appendages and 

the downstream cellular responses to such interactions.  

 Previous studies have illustrated a site-specific difference in skin 

responsiveness to tissue stress. Mice infected with Leishmania major have 

altered immune and pathological responses based on the site of inoculation 

(Nabors and Farrell, 1994). Similarly, various immune-mediated dermal 

disorders, such as atopic dermatitis (AD) and psoriasis, have a characteristic 

pattern of expression (Guttman-Yassky et al., 2011a). For instance, AD often 
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manifests on the face and flexor skin, while psoriasis generally presents in the 

scalp and extensor skin. Based on the findings presented in Chapter 2, it is 

highly probable that heterogeneous immune responsiveness in this tissue may 

be due to steady-state variations in the seeding of the hematopoietic cells in 

distinct regions of the skin. Furthermore, this tissue serves as a reservoir for 

memory cells, which constantly traffic between the skin and draining lymph 

nodes (Egawa and Kabashima, 2011). Assessing if memory T cells preferentially 

migrate to certain skin sites, and if these sites are more prone to immune-

mediated pathology in response to tissue injury or augmented protective 

responses to heterologous infections, will provide novel insights into immune 

function and regulation in the skin.   

A comparative analysis of commensal communities from distinct murine 

skin sites revealed that similar to human skin microbiota, the specific ecology of a 

mouse skin site dictates its commensal colonization (Costello et al., 2009). 

Similarly, we found that murine skin and gut tissues also house unique 

communities of bacteria. Given that the skin and intestine of mice are ecologically 

distinct habitants, the former is exposed to light, maintains lower temperatures, 

moisture content, pH, and has limited nutrient availability compared to the latter, 

these findings accentuate the importance of environmental factors in controlling 

commensal colonization. Altogether, these analyses illustrate the site-specific 

differences in the composition of microbiota and uncover the immune 

heterogeneity in skin tissue. Although murine skin is structurally different from 
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human skin, the findings presented in Chapter 2 validate the murine 

experimental model to study the complex relationship between the microbiota 

and immune cells in the skin. Because the skin is distant to the gut and has its 

own resident bacterial communities that heterogeneously colonize distinct 

physiological niches, it is highly likely that discrete interactions between 

indigenous flora and immune cells dictate the cutaneous immunological tone. 

Addressing how host commensal interactions in this heterogeneous tissue 

contribute to differential disease outcomes in distinct skin sites will be paramount 

to our understanding of the skin as an immunological barrier. 
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Compartmentalized control of skin immunity by resident commensals. 
	
  

Numerous reports have stressed the importance of the gut flora in 

controlling immune cells locally in the intestinal lamina propria and at distal sites 

such as in the lung (Hooper et al., 2012). However, this gut-centric paradigm 

does not acknowledge the possible involvement of microbial communities 

residing in epithelial niches outside the intestine, such as those living in the skin 

(2012b). Grice and colleagues have shown that the skin houses its own unique 

flora and several studies have found that both immune and stromal cells from the 

skin are capable of sensing and responding to commensal signals (Gallo and 

Nakatsuji, 2011; Grice et al., 2009). The experiments described in Chapter 3 

show that the equilibrium between effector and regulatory T lymphocytes in the 

skin is critically dependent upon commensal signals. Further, our studies exclude 

a role for deficient priming or migratory capacity of T lymphocytes as comparable 

ratios of skin-homing effector and regulatory lymphocytes were isolated from 

draining lymph nodes as well as the circulation of germ-free mice and 

conventionally raised mice. While these experiments do not rule out the 

possibility that differential tissue signals may regulate the recruitment of T cells 

into the skin of conventionally raised and germ-free mice, our findings definitively 

show that circulating CD44hi skin-homing T cells are not influenced by the 

microbiota.  

 Germ-free mice are devoid of commensals on all their barrier surfaces. 
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Therefore, to delineate the relative contribution of the intestinal and cutaneous 

commensals to the regulation of T lymphocytes in the skin, we employed specific 

strategies to modulate either gut or skin flora. These studies allowed us to 

discern the local contribution of the skin microbiota in the discrete regulation of T 

cell cytokine production in the underlying tissue. Using gnotobiotic mice or oral 

antibiotic treatment strategies, several groups have implicated the intestinal 

microbiota in amplifying global inflammatory signatures in the context of systemic 

inflammation (Hooper et al., 2012). Specifically, the presence of SFB in the 

intestine results in more aggressive disease pathologies in mouse models of 

experimental autoimmune encephalitis, arthritis, and diabetes compared to mice 

devoid of this bacterium (Kriegel et al., 2011; Lee et al., 2011; Wu et al., 2010). 

While these findings draw associative models, they fail to define mechanistic 

pathways by which the commensals may modulate immune cells distally. Further, 

these studies involve exacerbated models of systemic inflammation, and do not 

examine barrier defects in the intestine or T cell trafficking patterns. Certain 

physiological conditions may make such interactions of the peripheral immune 

system with the intestinal microbiota more permissive, i.e. global inflammation. 

How the presence of SFB in the intestine may impact barrier function and 

systemic dissemination of microbial products remains an open question.  

Under homeostatic conditions, the presence of SFB augmented T cell 

inflammatory potential in the gut, but not in the skin. Furthermore, we found that 

treating mice with a defined cocktail of oral antibiotics that alters the intestinal 
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microbiota while maintaining skin flora did not impact T lymphocyte function in 

the skin.  The alterations in skin T lymphocytes of germ-free mice could be a 

result of impaired T cell development or global metabolic distress. To exclude 

these possibilities, we mono-associated germ-free animals with the ubiquitous 

skin commensal Staphylococcus epidermidis (Conlan et al., 2012). Importantly, 

S. epidermidis is a major constituent of normal human skin flora and has no 

known function in processing of dietary metabolites. Topical colonization with this 

skin tropic commensal was sufficient to restore T cell cytokine production in the 

skin, but not the gut, of germ-free mice. These experiments allowed us to 

conclude that distinct communities of organisms residing in the skin and gut 

locally tune T lymphocyte function. Whether skin commensals, like the intestinal 

microbiota, are able to influence immunity systemically in the context of 

inflammation is unclear. Challenging germ free mice that topically associated with 

skin commensals with diabetic, arthritogenic, and/or encephalitogenic 

autoimmune models of inflammation may reveal the contribution of this 

commensal niche in regulating immunity in distal sites.  

While we utilized S. epidermidis as a model commensal to determine the 

role of cutaneous commensals in driving local immunity, it will be important to 

examine the contribution of other skin commensal organisms to tissue fitness. S. 

epidermidis is a facultative aerobic bacterium capable of colonizing various 

niches in the skin, including the outer cornified epithelium, and appendages 

(Conlan et al., 2012; Elsner, 2006). In contrast, certain bacterial species can only 
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survive in specific environments within the skin. For instance, Propionibacterium 

species are highly lipophilic bacteria that metabolize sebum and reside in 

sebaceous glands, and Corynebacterium species are particularly equipped to 

endure the harsh arid conditions of the stratum corneum (Elsner, 2006). It 

remains to be investigated whether S. epidermidis is unique in its ability to 

dialogue with the host immune system based on its capacity to colonize diverse 

environments within the skin, or if other bacterial species also have immune 

modulatory functions. Moreover, in the intestine, certain components of the 

microbiota can specifically program either inflammatory or regulatory immune 

pathways. For example, polysaccharide A produced by intestinal commensal 

Bacteroides fragilis directs mucosal IL-10 responses (Mazmanian et al., 2008). 

Specific cutaneous bacteria may have evolved similar instructive capacities to 

direct the maturation of defined immune pathways in the skin.  

The resident microbiota shield the skin from colonization of potential 

pathogenic microbes or outgrowth of opportunistic pathogens already present. 

For instance, S. epidermidis provides the host with colonization resistance by 

limiting the growth of the pathobiont S. aureus (Iwase et al., 2010). The findings 

presented in Chapter 3 support a previously unappreciated role for the skin 

microbiota in maintaining cutaneous immune homeostasis. In the absence of 

commensals, the balance of dermal effector and regulatory T cells is altered. 

While gut-tropic SFB did not impact cutaneous effecter and regulatory T cell 

populations, topical association with S. epidermidis was sufficient to reverse the 
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disequilibrium of cutaneous T lymphocytes in germ-free animals, indicating that 

localized interactions in the skin regulate immune function in this barrier. In the 

intestine, a reciprocal relationship between commensals and immune cells exists 

in which commensals stimulate immune function, which in turn controls 

commensal localization and composition (Round et al., 2011). Assessing the role 

of the skin immune surveillance system in regulating the localization, abundance, 

and composition of resident commensals is of critical importance. Such an 

understanding will help elucidate the host factors required for maintenance of a 

healthy microbiota.  

A recent study has identified a central role for IL-17RA signaling in 

cutaneous wound healing (Lai et al., 2012). This effect of IL-17 signaling was 

attributed to production of the anti-microbial peptide regenerating islet-derived 

protein 3-alpha (REG3A) by keratinocytes (Lai et al., 2012). However, the 

contribution of this pathway in modulating skin commensals at steady state or 

during tissue stress is unknown. The IL-17 pathway is highly conserved across 

vertebrate evolution and has likely emerged at barrier sites as a specific 

mechanism to keep commensals at bay (Aggarwal and Gurney, 2002; Tsutsui et 

al., 2007). Indeed, a dysregulation of the IL-17 pathway is associated with a 

range of inflammatory dermal disorders and dysbiosis of the cutaneous 

microbiota. For instance, STAT3 deficient patients experience a loss of 

cutaneous IL-17A and develop severe forms of atopic dermatitis that is 

associated with an outgrowth of Staphylococcal species (Freeman and Holland, 
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2008). Similar alterations have been observed in the cutaneous flora of patients 

with psoriasis, a condition resulting from exuberant IL-17 responses. (Gao et al., 

2008). Yet the exact mechanism by which host genetic factors, commensal 

microbiota, and environmental stress interact to trigger pathology in cutaneous 

disorders is not fully understood. Examining the function of commensally induced 

immune pathways in regulating resident bacteria will provide novel insights into 

the reciprocity of interactions between the host immune system and colonizing 

commensals along the skin barrier.  

Elegant studies using bacterial 16s rDNA sequencing technology describe 

the bacterial garden that flourishes in and on our bodies (Costello et al., 2009). 

Importantly, these studies have laid the foundational groundwork for the 

understanding of immune-commensal interactions along our epithelial surfaces. 

While these barriers form a continuous tubular structure protecting our internal 

organs from the external environment, they are segregated into a range of 

habitats that house unique bacterial communities (Costello et al., 2009). The 

findings presented here support a non-redundant role for the indigenous 

microbes in each of these habitats in the local control of tissue immune function. 

Ascertaining the role of bacteria housed at other epithelial surfaces, such as the 

respiratory tract or oral mucosa, in driving immune and barrier function will be 

paramount for developing a global understanding of host-microbial mutualism.  
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Commensals control immunity and pathology during cutaneous infections. 
	
  
 Commensals are central orchestrators of immune responses in the 

intestine, where they stimulate immune cells and promote protection against 

invading pathogens. These natural adjuvants amplify immunity by interacting with 

various cellular components of the mucosal immune system to ensure a rapid 

response (Hall et al., 2008). Indeed, germ-free and orally-antibiotic-treated 

animals are more susceptible to infections from a variety of intestinal pathogens 

than commensally replete animals (Round and Mazmanian, 2009). Here, we find 

an analogous role for the skin microbiota in promoting immunity to the dermal 

pathogen Leishmania major. Dermal T cell production of IFN-γ in response to 

Leishmania antigen is greatly diminished in the absence of commensals. 

Consistent with this phenotype, lesional macrophages from germ-free mice are 

unable to control parasites residing in their cytoplasm. While fluctuations in gut 

flora do not impact immunity to Leishmania, association with the cutaneous 

commensal S. epidermidis is sufficient to reverse the defect in germ-free mice. 

Collectively, these results demonstrate an autonomous role for skin commensals 

in controlling protective immunity to Leishmania major.  

The skin of germ-free mice contains greater frequencies and numbers of 

regulatory T cells than conventionally raised animals under homeostatic 

conditions. Although these differences in skin Treg proportions are not maintained 

during the acute phase of the L. major infection, the imbalance of effector and 

regulatory T cells in the skin at steady state may impact the formation of 
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protective immunity in germ-free mice. Additionally, in our studies we mono-

associate germ-free mice with commensals at the time of infection with L. major, 

as a result these mice have commensal signaling throughout the duration of the 

infection. To temporally dissect the role of skin commensals in the formation of 

an effector T cell response, it will be important to associate commensals at 

distinct time points during infectious challenge. Such studies will expand upon 

our findings to precisely dissect the role of commensals in priming and/or 

maintenance of effector T cells in skin inflammation. 

The epidermal barrier is compromised when a pathogen invades the skin 

and establishes infection. Under such permissive conditions, commensals or 

their byproducts may penetrate into the underlying dermis and/or drain to the 

lymph node. It is not clear whether translocation of bacteria or their byproducts 

during infection is necessary for stimulating immunity to invading pathogens. 

Identifying the localization of commensals within the skin tissue and cutaneous 

lymph nodes during infection will provide additional clues to mechanisms by 

which commensals interact with specific cellular components of the skin immune 

system. After the resolution of skin infections, a population of effector memory T 

cells persists locally in the epidermis and provides protection upon pathogen 

reencounter (Gebhardt et al., 2011; Jiang et al., 2012).  Assessing the role of skin 

commensals in the formation and persistence of such memory responses will be 

essential for the development of rational tissue-specific therapies and vaccine 

strategies.  
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  A role for skin microbiota in the development of dermal pathologies has 

long been suspected. Indeed, we find that in addition to controlling protective 

responses, skin commensals also trigger pathology during Leishmania major 

infection. Commensally replete animals manifest necrotic dermal lesions with 

increased edema and immune infiltrate when compared to germ-free animals. 

These findings strongly implicate commensals in the etiology of pathological 

cutaneous inflammatory disorders such as atopic dermatitis and psoriasis (Gallo 

and Nakatsuji, 2011). Accordingly, shifts in the cutaneous microbiota are 

associated with both these disorders; yet it remains to be understood if there is a 

causal or associative relationship between such changes in the microflora and 

dermal disorders. Moreover, IL-17A-producing T cells are known to be major 

drivers of immune pathology in psoriasis. IL-17A and IL-17 receptor antibodies 

have been efficacious in clinical treatment of this disorder (Leonardi et al., 2012; 

Papp et al., 2012). The necessity for commensal signals in promoting these 

inflammatory pathways and the complex interactions between commensals and 

immune cells in human skin not yet been examined. Elucidation of such 

pathways could result in development of therapies to reinstate immune 

homeostasis by restoring a healthy skin flora.  

 While it is largely accepted that commensals modulate T cell function in 

the intestine by augmenting innate immune signals, recent studies have also 

demonstrated that cognate recognition of commensal antigens results in the 

formation of commensal-specific T cells. Such commensal-specific T cells adopt 
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either an effector or regulatory role in the context of the tissue microenvironment 

(Lathrop et al., 2011; Maynard et al., 2012). During acute gastrointestinal 

infection, commensal-specific effector T cells form in accord with the local 

cytokine milieu and persist long after resolution of inflammation (Hand et al., 

2012). It is not known if effector T cells that recognize antigens derived from skin 

commensals form during cutaneous infection and whether these commensal-

specific T cells are required for optimal immunity to invading pathogens. In further 

support of cognate recognition of skin commensal antigens by the host immune 

system, previous studies have found antibodies against cutaneous commensal 

antigens in the circulation of healthy humans (Haas et al., 2011). If commensal-

specific cognate B and T cell responses form and persist in the skin, they may 

cause collateral tissue damage during subsequent infections or in response to 

tissue trauma as has been suggested in the gut (Hand et al., 2012). Furthermore, 

understanding their role in the etiology and pathology of uncontrolled 

inflammatory skin conditions such as psoriasis or rosacea will provide novel 

insights into these complex disorders. Mice chronically infected with Leishmania 

major exhibit psoriatic pathologies in areas of the skin distal to the initial site of 

inoculation (Y. Belkaid, unpublished observation), supporting the notion that 

commensal-specific T cell responses may form during cutaneous infection and 

reactivate to cause disease in response to tissue stress. Additionally, it has been 

proposed that infections in other tissues that result in the priming of bacterial-

specific T cells may also promote dermal pathologies. Indeed, CLA+ T cells that 
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recognize streptococcal M protein and keratin are primed in the tonsils during 

streptococcal infection. (Valdimarsson et al., 2009). These cells can migrate into 

the skin and have been linked to psoriatic skin flares (Valdimarsson et al., 2009). 

Moreover, inflammatory T cells responding to bacterial and host antigens 

released by the tissue trauma may be the underlying cause of the Koebner 

response. Genome-wide association studies have determined that in addition to 

an inflammatory microenvironment, alterations of the epidermal barrier and 

increased permeability are closely linked to psoriasis. Barrier dysfunction and the 

resultant translocation of commensal bacteria or bacterial products may lead to 

dysregulated commensal-specific immune responses and aberrant pathologies in 

the skin.   
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Resident commensals co-opt tissue specific pathways to modulate T 
lymphocytes in the skin and gut tissue. 
	
  

The cytokine signals required for the generation and maintenance of 

specific T helper subsets have been clearly defined using both in vitro systems 

and in the context of inflammation in vivo (Zhu and Paul, 2010). However, the 

factors controlling T cell effector capacity in extralymphoid tissues under steady 

state conditions have been limited to the intestine. Gut dwelling Th17 cells are 

regulated locally by lamina propria DCs via the production of IL-6 (Hall et al., 

2008; Ivanov et al., 2006). To date, no such analysis of the cytokine factors 

controlling resident T cells in the skin had been conducted. Using a candidate 

approach, we uncovered a bifurcation in the signals that control inflammatory 

cytokine production in the skin. IL-17A production from both αβ and γδ T cells 

was critically dependent upon IL-1 signaling, while CD40 signaling in the skin 

promoted IFN-γ production from αβ T cells under steady state conditions. 

Importantly, these signals were dispensable for T cell function in the intestine, 

indicating that T cells in these two tissue compartments are modulated by unique 

tissue specific cues (Figure 27). These findings support the premise that T cell 

function in a particular tissue site is tailored to the unique cytokine signatures of 

that microenvironment. 

 It is well appreciated that T cells primed in distinct tissue draining lymph 

nodes are differentially programed with expression of homing markers that 

prompt their migration into the associated tissue site (Kunkel and 
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Butcher, 2002). For instance, the priming of T cells in skin draining lymph nodes 

results in the induction of skin homing receptor CCR10, while cells primed in the 

mesenteric lymph nodes upregulate gut homing receptors CCR9 and α4β7 

(Sigmundsdottir and Butcher, 2008; Sigmundsdottir et al., 2007). It remains to be 

investigated whether effector T cells are similarly imprinted with the ability to 

respond to the cytokine cues of the corresponding tissue environment during 

priming, or if a particular tissue site selects for cells with the capacity to respond 

to local factors. 

Isolating antigen-specific effector T cells that are primed in a given tissue 

microenvironment, and assessing their maintenance/functional capacity when 

introduced to a different tissue environment in the presence of cognate antigen 

may reveal the responsiveness of effector T cells to distinct microenvironmental 

cues. For example, examining the persistence and function of effector T cells that 

are isolated from the intestine and then reintroduced into the skin and vice versa 

will provide insight into the instructive role of these two disparate 

microenvironments and the ability of an effector cell to function in distinct 

environments. The data presented here support a role for IL-1/MyD88 signaling 

in T cells for inflammatory cytokine production in the skin, but not the gut. 

Although we find that IL-1R1 signaling is dispensable for optimal homeostasis of 

intestinal effector T cells, a recent report demonstrated that intestinal Th17 cells 

are capable of producing IL-17A in response to IL-1 in vitro (Shaw et al., 2012). 

Of note, following resolution of cutaneous viral infection a subset of CD4 effector 
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memory cells was shown to re-circulates in and out of the skin tissue (Gebhardt 

et al., 2011). Long-term effector memory cells may recirculate though various 

tissue microenvironments and the ability of these effector T cells to provide 

optimal protection during pathogen re-encounter at distinct barriers may be 

critically dependent upon its responsiveness to local cues. Thus, it is likely that 

effector T cells generated in any site are capable of responding to an array of 

cytokine cues, some of which may be more functionally relevant in certain tissue 

sites.  

The downstream effects of IL-1-dependent MyD88 signaling in skin T cells 

that result in augmented effector function are unclear. The IL-1/MyD88 pathway 

is known to play a role in the priming of T lymphocytes both by maturing antigen-

presenting cells and by directly signaling into T cells (Hu et al., 2011). However, 

we find that alterations in T cells of both germ-free and IL-1R1 deficient animals 

are restricted to the skin tissue and are not found in the draining lymph node. 

Additionally, circulating T cells from germ-free and conventionally raised animals 

express equivalent levels of skin homing markers. Collectively, these data 

exclude the possibility that alterations in skin T cells are a result of defective 

priming or improper induction of skin homing makers in the cutaneous lymph 

nodes in the absence of commensal driven IL-1. The differences in the 

proportions of cutaneous effector and regulatory T cells in germ-free mice are 

likely due to alterations that occur locally in the skin tissue. To this end, IL-1 in 

the skin may control cutaneous T cells by the following non-mutually exclusive 
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mechanisms: 1) controlling the entry, retention, and/or exit of lymphocytes, 2) 

differentially regulating the survival, and/or proliferation of effector and regulatory 

lymphocytes (Figure 28)  

The composition of T cells in an extralymphoid compartment is in part 

dependent upon their entry, retention, and egress from that tissue. Using bone 

marrow chimeric mice we have demonstrated that MyD88 signaling in T cells is 

necessary for optimal IL-17A production in the skin. Therefore, it is possible that 

upon entry into the dermis, an effector T cell receives IL-1 signals that positively 

regulate the expression of integrins and promotes their retention in the tissue. 

Alternatively, IL-1 acting on T regulatory cells may promote their egress from the 

skin to the draining lymph node. Indeed, several groups have observed that both 

effector and regulatory T cells constitutively exit skin tissue via the afferent lymph 

using defined chemokine receptors such as CCR7 (Debes et al., 2005; Tomura 

et al., 2010). Assessing the differential expression of retention receptors such as 

CD103 or egress receptors such as CCR7 on purified skin tissue T cells after IL-

1 stimulation and in T cells isolated from germ-free animals may reveal a role for 

commensally driven IL-1 in modulating the flux of lymphocytes in skin tissue. 

Furthermore, measuring egress of effector and regulatory T cells from skin using 

mice genetically engineered to express photo-activator reporter proteins after 

topical association with skin commensals may provide mechanistic insights into 

the local modulation of T cells by IL-1 and skin commensals (Tomura et al., 

2010).  
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The survival and/or local proliferation of effector T cells in the skin tissue 

may also be augmented by IL-1 signals. Indeed, IL-1 signaling has been shown 

to promote the phosphorylation of mTOR and JNK in effector T cells, thus 

stimulating their antigen driven expansion (Ben-Sasson et al., 2009; Gulen et al., 

2010). Ligation of the TCR and IL-1R1 on effector T cells in the skin may induce 

their local proliferation. In further support of this possibility, a recent report 

demonstrated that effector and regulatory T cells isolated from the normal human 

skin expand based on context depend cues, whereby effector T cells multiply in 

response to inflammatory stimuli and regulatory T cells expand in the absence of 

inflammatory signals (Seneschal et al., 2012). Commensally driven IL-1 may 

similarly modulate the proportions of effector and regulatory cells in the skin. On 

the other hand, IL-1 may negatively regulate the survival of regulatory T cells by 

limiting the production of Treg maintenance factors such as IL-10/TGFβ in the 

cutaneous microenvironment (Murai et al., 2009). Effector T cells may also be 

better equipped in the presence of IL-1, either on a per cell basis or on the 

population level, to compete for common survival factors such as IL-2, IL-7, and 

IL-15, without which the pool of regulatory T cells in the skin may contract 

(Rochman et al., 2009). Thus, the dynamic equilibrium of effector of regulatory T 

cells in the skin is likely to be controlled by several non-mutually exclusive 

pathways downstream of commensal driven IL-1. Future studies will need to 

address the mechanism by which IL-1 controls T cells in the skin and whether 

analogous functions are served by IL-6 in the intestine. 
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Importantly, the T cell intrinsic role of MyD88 signaling at steady state and 

during inflammation appears to be distinct. At steady state, MyD88 signaling in T 

cells is necessary for optimal IL-17A production, but does not regulate IFN-γ 

production in the skin. In contrast, the inflammatory milieu of mixed bone marrow 

chimeric animals revealed a role for MyD88 signaling in T cells for IFN-

γ production. Consistent with this, mice deficient in IL-1R1 and MyD88 as well as 

mice treated with IL-1 receptor antagonist are unable to mount an appropriate 

Leishmania specific IFN-γ response (Muraille et al., 2003). Although the T cell 

intrinsic role for IL-1 signaling was not examined during L. major infection, based 

on the bone marrow chimeric experiments it is highly probable that absence of 

MyD88 signaling within the T cell compartment contributes to the defect observed 

in germ-free, and MyD88/IL-1R1 deficient animals.  

The mechanistic basis for cell intrinsic IL-1 control of effector T cell 

function during inflammation is likely to be similar to that outlined above for 

steady state conditions (Figure 28).  In addition to T cell intrinsic sensing of 

MyD88, this pathway may also control the flux of lymphocytes by acting on 

vascular and lymphatic endothelial cells. Zhu and colleagues recently 

demonstrated that vascular permeability is increased by IL-1/MyD88 signaling in 

endothelial cells (Zhu et al., 2012). Hence, IL-1 downstream of commensal 

signaling acting on T cells as well as accessory cells may manipulate the 

composition of T cells in skin tissue.  A comparative analysis of T cell potential to 

produce IFN-γ versus Leishmania specific IFN-γ production revealed while T cells 
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from the skin of germ-free mice maintain the capacity to produce IFN-γ, they are 

unable to make it in response to Leishmania antigen stimulation ex vivo (S. Naik 

unpublished observation). This defect in ex vivo cytokine production may be due 

to impaired IL-1 signaling in T cells or improper activation of accessory cells that 

are necessary for optimally stimulating T cell function within the dermal lesion. To 

this end, the IL-1 pathway is also known to promote the activation of both innate 

immune cells as well as skin stromal cells such as keratinocytes and fibroblasts 

(Miller and Cho, 2011; Sims and Smith, 2010). For example, IL-1 promotes the 

maturation of dendritic cells, enhancing their antigen presentation capacity, co-

stimulatory molecule expression, and cytokine production (Eriksson et al., 2003). 

Thus, in addition to a lack of T cell intrinsic MyD88 signaling, defects in activation 

of innate immune cells such as dendritic cells as well as stromal cells such as 

keratinocytes in the absence of commensal driven IL-1 is likely to contribute to 

the susceptibility phenotype in germ-free animals infected with Leishmania major. 

A defect in IL-1 production was observed in the skin of germ-free mice and 

was reversed by the addition of S. epidermidis. Treatment of S. epidermidis 

mono-associated mice with an IL-1 receptor antagonist was able prevent this 

commensal from restoring skin immunity in germ-free mice, demonstrating that 

commensally driven IL-1 signaling directs T cell function in the skin. Identifying 

the specific commensal signals that drive IL-1 in the skin and the dominant 

cellular source of IL-1 both at steady state and during infection will be the aim of 

future studies. By integrating these data into a working model, we posit that 
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resident skin commensals drive IL-1 signaling in the skin, which in turn tunes the 

function of effector T cells in the skin (Figure 29). The IL-1 pathway is an 

evolutionarily conserved arm of the innate immune system that may have arisen 

as an early mediator of host-commensal cross talk. This pathway is also linked to 

a multitude of chronic inflammatory disorders such as arthritis and asthma (Sims 

and Smith, 2010). Of relevance to our present study, IL-1 is implicated in the 

etiology and pathology of psoriasis and other cutaneous disorders and is 

essential for providing protection against dermal pathogens (Miller and Cho, 

2011; Murphy et al., 2000; Pazyar et al., 2012). Thus, via their capacity to 

promote IL-1 signaling and consequently effector T cell function, skin 

commensals are likely important drivers and amplifiers of skin immunity.  

How interactions between commensals and their hosts at distinct 

anatomical locations create unique cytokine milieus and set up site-specific 

thresholds for T cell activation is unclear. Importantly, the availability of 

commensal signals within a given tissue environment and differences in the 

expression of innate factors in that response to these signals require elucidation. 

For example, lamina propria dendritic cells produce substantial amounts of IL-6 

and other inflammatory cytokines in response to commensal ligands, while 

dermal dendritic cells stimulated with the same ligands do not (S. Naik, 

unpublished observation) Given the extreme heterogeneity of skin commensals, 

the mechanisms by which commensals in distinct topographical locations control 

immunity will need to be explored. Understanding the role of the skin 
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microbiota in maintaining tissue function is of primary importance for human 

health. Furthermore, altered diets, widespread antibiotic use, and other lifestyle 

choices may result in unnatural shifts in the cutaneous flora. The assessment of 

how such host factors impact the cutaneous microbiota and potentially lead to 

disease states will enable the development of therapies that promote the 

maintenance of a healthy microbiota.  

Concluding Remarks  
	
  
 The results presented in this thesis provide novel insights into the 

localized regulation of T cells in the skin and gut by resident commensals. Our 

findings show that in addition to having a heterogeneous commensal landscape, 

physiologically distinct skin sites also have unique immune signatures. These 

data support the premise that discrete interactions between resident commensal 

and host cells in unique cutaneous microenvironments dictate the local 

inflammatory tone. Indeed, the experiments presented in Chapters 3 and 4 allow 

for the emergence of such a paradigm by underscoring the role of indigenous 

commensals and tissue-specific cytokine milieus in setting the immunological 

tone of a given tissue microenvironment. More specifically, our data reveal an 

essential role for IL-1 signaling, driven by resident commensal organisms, in 

maintaining skin immune fitness. Furthermore, our findings demonstrate that the 

formation of protective immune responses and pathology during infectious 

challenge is critically dependent upon resident microbiota. Collectively, these 

studies unveil a non-redundant role for the cutaneous microbiota in shaping 
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skin immunity in health and disease. 

 

 

 

 

Figure 27: Model 1- Distinct commensal communities residing in the skin 
and gut locally control T cell function in the underlying tissue. 
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Figure 28: IL-1 dependent control of cutaneous T cells: Possible 
Mechanisms of Action 

1) Flux of cells: IL-1 may act on effector T cells by promoting the expression of 
retention molecules such as CD103 and/or augmenting egress of regulatory T 
cells by enhancing the expression of CCR7. During inflammation, IL-1 may also 
act on the vascular endothelium to increase permeability of endothelial cells, thus 
facilitating the entry of effector T cells into the skin. 2) Local 
proliferation/survival: IL-1 signaling may negatively regulate Treg maintenance 
factors IL-10 and TGFβ in the skin. IL-1 may also direct the local expansion of 
cutaneous effector T cells. The local proliferation of effector T cells may lead to 
increased competition for local survival factors such as IL-2/IL-7/IL-15 and may 
have indirect effects on the pool of regulatory T cells in the skin 
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Figure 29: Model 2 - Commensals tune the function of skin T cells in an IL-1 
dependent manner. 

(A) Skin commensals promote the production of IL-1a and limit IL-1 receptor 
antagonist production by interfollicular keratinocytes. (B) Cutaneous T cells 
produce IL-17A and IFN-γ in response to commensally drive IL-1. (C) The role of 
innate cells in the IL-1 dependent control of T cells is not known.  
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Chapter 6 Materials and Methods 

Mouse Strains: 

C57BL/6 specific pathogen-free mice were purchased from Taconic Farms and 

The Jackson Laboratory. Germ-free C57BL/6 mice were bred at Taconic Farms 

and maintained in the NIAID gnotobiotic facility. B6.129S1-Tlr3tm1Flv/J (Tlr3−/−), Il-

1r1−/−, and B6.129S7-Rag1tm1Mom (Rag1−/−) were obtained through the NIAID 

Taconic exchange program from Taconic Farms. B6.129S2-Il6tm1Kopf/J (Il-6−/−) 

mice were obtained from The Jackson Laboratory. Il-23r−/− animals were a kind 

gift from Dr. M. Oukka (Seattle Childrenʼs Research Institute). B6.129-Tlr2tm1Kir/J 

(Tlr2−/−), B6.129P2-Tlr5tm1Aki (Tlr5−/−), B6.129P2-Tlr9tmAki (Tlr9−/−), B6.129P2-

Myd88tmAki (Myd88−/−) and Myd88-/-/Ticam2-/- mice were generous gifts from Dr. 

A. Sher (NIAID/NIH). B6.129P2-Il18tmAki/J (Il-18−/−) and C57BL/9-Tnfrsf1atm2.1Rsie 

(Tnfr1−/−) mice were obtained from Dr. G. Trinchieri (NCI/NIH) and Dr. R. Siegel 

(NIAMS/NIH), respectively. All mice were maintained at and all experiments were 

performed in an American Association for the Accreditation of Laboratory Animal 

Care-accredited animal facility at the National Institute for Allergy and Infectious 

Diseases (NIAID) and housed in accordance with the procedures outlined in the 

Guide for the Care and Use of Laboratory Animals under an animal study 

proposal approved by the NIAID Animal Care and Use Committee. Gender- and 

age-matched mice between 8-12 weeks of age were used. 

Non-human primate Species: 
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Skin tissue blood and lymph node samples from normal uninfected rhesus 

macaques, pig-tailed macaques, and cynomolgus monkeys, were obtained in 

collaboration with Dr. Jason Brenchley. Animals were housed and cared in 

accordance with the American Association for Accreditation of Laboratory Animal 

Care standards in AAALAC-accredited facilities, and all animal procedures were 

performed according to the protocols approved by the Institutional Animal Care 

and Use Committees of the National Institute of Allergy and Infectious Diseases, 

National Institutes of Health. 

Murine Tissue preparation: 
	
  
In order to attain cells from various skin sites the following techniques were 

employed. Ears were excised and separated into the ventral and dorsal sheets. 

Flank (dorsal) skin was shaved with chrom mini (Wahl), adipose tissue was 

removed with a number 10 scalpel, and skin was cut in 1cm by 1cm pieces.  

Tissue samples were digested in RPMI containing 100 U/ml penicillin, 100 μg/ml 

streptomycin, 55 mM b-mercaptoethanol, 20 mM HEPES (HyClone), and 0.25 

mg/ml Liberase purified enzyme blend (Roche Diagnostic Corp.), and incubated 

for 2 hours at 37°C and 5% CO2. Digested skin sheets were homogenized using 

the Medicon/Medimachine tissue homogenizer system (Becton Dickinson). 

Digested tissue was then immediately diluted in RPMI-1640 medium containing: 

DNase I (500 μg/ml, Sigma-Aldrich), 10% FCS, 100μg/ml Penn/Strep, 25 mM 

HEPES and 50 μM β-mercaptoethanol, and filtered through 70-μm cell strainers 

(BD Biosciences). Cell suspensions were spun down and re-suspended in 
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complete RPMI-1640 medium (Complete) containing: 10% FBS, 100μg/ml 

Penn/Strep, 25mM HEPES, 2mM L-glutamine, 1 mM Na Pyruvate (cellgro), 1X 

MEM nonessential amino acids (Roozendaal et al.) (cellgro) and 50 μM of β-ME 

prior to use. 

  

For isolation of keratinocytes, flank (dorsal) skin was shaved, adipose tissue was 

removed and skin was placed on 0.25% Trysin EDTA (Invitrogen) for 35-60 min 

at 37°C and 5% CO2. Epidermal cells were manually scraped using a number 10 

scalpel.  

 

To prepare small intestinal lamina propria (Lp) tissue cell suspensions, adventitial 

fat was carefully stripped away from the whole small intestine. Peyerʼs patches 

(Pp) were then carefully excised, and the remaining tissue was cut longitudinally, 

extensively washed in cold HBSS w/o Ca2+ and Mg2+ (cellgro), then cut into ~ 

1cm segments. Segments were treated with RPMI-1640 medium (Hyclone) 

containing: 3% FCS, 100μg/ml Penn/Strep, 25 mM HEPES (Hyclone), 50 μM β-

mercaptoethanol (β-ME)146 (Gibco 1000X), 5mM EDTA, and 145 μg/ml of 

Dithiothreitol (DTT) for 20 min in an incubator at 37ºC/5% CO2 with constant 

magnetic stirring. The IEL fraction was removed by filtration through a hand-held, 

fine mesh, sieve placed atop a collection beaker on ice. The pieces were then 

collected and placed into a 50ml conical containing 10-15ml of serum free media. 

Tissue was then further digested in serum free media containing: 25 mM HEPES 
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and 50 μM β-ME with liberase CI (200 μg/ml, Roche) in conjunction with DNase I 

(500 μg/ml, Sigma-Aldrich) with continuous magnetic stirring in an incubator at 

37ºC/5% CO2 for 26-30 min. Digested tissue was then immediately diluted in 

RPMI-1640 medium containing: 3% FCS, 100μg/ml Penn/Strep, 25 mM HEPES 

and 50 μM β-mercaptoethanol, and serially mashed through 70- and 40-μm cell 

strainers (BD Biosciences). Cell suspensions were spun down and resuspended 

in complete RPMI-1640 medium (Complete) containing: 10% FBS, 100μg/ml 

Penn/Strep, 25mM HEPES, 2mM L-glutamine, 1 mM Na Pyruvate (cellgro), 1X 

MEM nonessential amino acids  (cellgro) and 50 μM of β-ME prior to use. 

 
Cells from Spleen (Sp) and cutaneous lymph nodes (cln), were prepared by 

teasing and gently smashing the tissue through a 70-μm cell strainer with the 

rubber end of a plunger from a 3ml syringe. 

 

Non-human primate Tissue preparation: 
	
  
In order to attain cells from various NHP skin sample first adipose tissue was 

removed with a number 10 scalpel and tissue was weighted prior to processing. 

Using a 31 gauge insulin syringe samples were evenly injected with 100μl of 

RPMI containing 100 U/ml penicillin, 100 μg/ml streptomycin, 55 mM b-

mercaptoethanol, 20 mM HEPES (HyClone), and 0.25 mg/ml Liberase purified 

enzyme blend (Roche Diagnostic Corp.) in 10μl doses. Injected tissues were 

incubated at 4°C for an hour in 5ml of the above mentioned digest media. Tissue 
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samples were minced into 0.5-1 am pieces and digested in RPMI containing 100 

U/ml penicillin, 100 μg/ml streptomycin, 55 mM b-mercaptoethanol, 20 mM 

HEPES (HyClone), and 0.25 mg/ml Liberase purified enzyme blend (Roche 

Diagnostic Corp.), and incubated for 2 hours at 37°C and 5% CO2. Digested 

tissue was then immediately diluted in RPMI-1640 medium containing: DNase I 

(500 μg/ml, Sigma-Aldrich), 10% FCS, 100μg/ml Penn/Strep, 25 mM HEPES and 

50 μM β-mercaptoethanol, and mashed through 70-μm cell strainers (BD 

Biosciences). Cell suspensions were spun down and re-suspended in complete 

RPMI-1640 medium (Complete) containing: 10% FBS, 100μg/ml Penn/Strep, 

25mM HEPES, 2mM L-glutamine, 1 mM Na Pyruvate (cellgro), 1X MEM 

nonessential amino acids  (cellgro) and 50 μM of β-ME prior to use 

 

Cellular Phenotypic Analysis: 
	
  
Single cell suspensions were stained with either LIVE/DEAD Fixable Blue Dead 

Cell Stain Kit (Invitrogen) or 4', 6-diamidino-2-phenylindol (DAPI, Sigma) in HBSS 

to exclude dead cells. For detection of transcription factors, cells were stained 

using the Foxp3 staining set (eBioscience) according to the manufacturerʼs 

protocol. For detection of intracellular cytokines or langerin expression, cells were 

fixed and permeabilized with BD Cytofix/Cytoperm and stained in BD Perm Wash 

buffer (BD Biosciences). Cells were stained with the following antibodies 

purchased from either eBioscience, BD Biosciences, or Dendritics corp: CD45.1 

(A20), CD45.2 (104), gdTCR (GL3), TCRb (H57-57), CD4 (RM4-5), IL-10 
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(JES5-16E3), IL-17A (ebio17B7), IFN-g (XMG1.2), TNF-a (MP6-XT22), Foxp3 

(FJK-16a), Siglec-F (E50-2440), MHCII (M5/114.15.2) CD11b (M1/70), CD11c 

(N418), FceRI (Mar-1), C-kit (2B8), Langerin (929F3.01), CD103 (2E7), α6 

(eBioGoH3), CD34 (RAM34), CD44 (IM7) and/or CD25 (PC61.5). Staining was 

performed in the presence of FcBlock (eBioscience), 0.2 mg/ml purified rat IgG 

and 1 mg/ml of normal mouse serum (Jackson Immunoresearch). Stain for skin 

homing markers was performed as previously described (Dudda et al., 2008).  

 

Flow cytometry: 
	
  
All cell acquisition was performed using an LSRII machine with FACSDiVa 

software (BD Biosciences). Data were analyzed using FlowJo software 

(TreeStar). To calculate absolute numbers, the fraction of a particular subset to 

singlet gated, total living cells was multiplied by the total cellularity of the tissue 

based on trypan blue exclusion. 

 

Immunofluorescense microscopy:  
	
  
Mouse skin samples were fixed in 10% formalin and paraffin embedded. Paraffin 

sections were dewaxed and washed with 95% ethanol followed by methanol 

hydrogen peroxide. The sections were then treated with a heat induced epitope 

retrieval procedure using rodent Decloaker solution (Biocare Medical, RD913) 

and the Biocare decloaking chamber. After being washed in Tris pH 7.4, sections 

were incubated in the presence of rat serum and FcBlock (24G2) followed by 
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rabbit anti-Escherichia coli B (DAKO, B0357) diluted in the blocking 

solution.  Samples were washed in Tris and then incubated with goat anti-rabbit 

IgG-Texas Red antibody (Invitrogen, T2767).  The tissue was then 

counterstained with HOECSHT, and imaged using a Leica DM IRBE fluorescent 

microscope. 

 

Lymph nodes were harvested and fixed in 0.05 M PBS containing 0.1 M L-lysine 

(pH 7.4), 2 mg/ml NaIO4, and 10mg/ml paraformaldehyde for 12 hrs. Samples 

were washed in phosphate buffer and dehydrated in 30% sucrose phosphate 

buffer. Spleens were snap frozen in Tissue-Tek (Sakura Finetek). Sections were 

cut on cryostat. Lymphoid tissue samples were stained with LYVE-1 (Novus 

Biologicals), B220, CD4 (BD Biosciences), CD8 (Caltag), Collagen IV (Abcam), 

FDC-M2 (Immunokontact) followed by secondary staining with goat anti-rabbit or 

goat anti-rat antibodies (Invitrogen).  

 

Antibiotic treatment: 
	
  
Female 3-week-old C57BL/6 mice were provided ampicillin (1 g/l), vancomycin 

(500 mg/l), neomycin trisulfate (1 g/l), and metronidazole (1 g/l) in drinking water 

for 4 to 8 weeks as previously described (Hall et al., 2008). Mice were infected 

with L. major 4 weeks post-antibiotic treatment and maintained on antibiotics for 

the duration of the infection. All antibiotics were purchased from Sigma-Aldrich. 

Germ free animals were treated with vancomycin (500 mg/l) in drinking 
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water starting one week prior to topical association with S. epidermidis 

maintained on antibiotic water for the duration of the experiment.   

 

DNA extraction and Bacterial 454 analysis: 
	
  
Ear and flank skin samples were sterilely obtained and processed using a 

protocol adapted from Grice et al (Grice et al., 2009). DNA was extracted from 

fecal pellets using QIAamp DNA stool mini kit (Qiagen). For quantitative analysis 

of 16S rDNA, real time PCR was performed using primers BacF (5ʼ-

CGGCAACGAGCGCAACCC-3ʼ) and BacR (5ʼ-

CCATTGTAGCACGTGTGTAGCC-3ʼ) (Pei et al., 2010). For sequencing of 16S 

rDNA amplicon libraries were prepared from sample DNA using Accuprime High 

Fidelity Taq polymerase (Invitrogen) and universal primers flanking variable 

regions V1 (primer 27F; 5ʼ-AGAGTTTGATCCTGGCTCAG-3ʼ) and V3 (primer 

534R; 5ʼ-ATTACCGCGGCTGCTGG-3ʼ). For each sample, the universal primers 

were tagged with unique sequences ("barcodes") to allow for 

multiplexing/demultiplexing (Lennon et al., 2010) PCR products were then 

purified using the Agencourt Ampure XP Kit (Beckman Counter Genomics) and 

quantitated using the QuantIT dsDNA High-Sensitivity Assay Kit (Invitrogen). 

Approximately equivalent amounts of each PCR product were then pooled and 

purified with a Qiagen minElute column (Qiagen) into 30 ml TE buffer prior to 

sequencing at the NIH Intramural Sequencing Center. Amplicon libraries were 

sequenced on a 454 FLX instrument using Titanium chemistry. Flowgrams 
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were processed using the 454 Basecalling pipeline (v2.5.3). Sequence pre-

processing, alignment and chimera removal: mothur (version 1.21.0)(Schloss et 

al., 2009) was used for all 16S rRNA gene sequence analysis steps. Prior to 

analysis, sequences were trimmed of low quality ends and filtered to retain 

sequences with a minimum length of 200 bp. After alignment to a bacterial 

reference alignment (Sampaio et al.), chimeras were removed using the chimera 

slayer implementation in the mothur package. Biodiversity and phylogenetic 

analyses: From the alignment, a distance matrix was calculated and sequences 

were clustered into OTUs using the average neighbor algorithm at a cutoff of 

0.03. Taxonomic classification of reads clustered in OTUs was done using the 

RDP Classifier included in mothur. A phylogenetic tree was generated from a 

relaxed neighbor-joining algorithm using the Clearcut program available via 

mothur. Unweighted and weighted UniFrac analyses (mothur & FastUnifrac 

http://bmf.colorado.edu/fastunifrac/) were subsequently done from the 

phylogenetic data to evaluate community differences. Principal coordinate 

analysis (PCoA) was used to visualize distribution patters from UniFrac 

distances. 

 

Mouse cohousing and microbial reconstitution: 
	
  
Wild-type age matched females were tail tattooed and housed in the same cage 

with equal number of respective knockout mice for at least two weeks. For 

association of germ-free mice with SFB (a kind gift from Dr. Yoshinori 
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Umesaki) (Umesaki et al., 1995)), fecal pellets isolated from SFB mono-

associated mice were reconstituted in sterile PBS and 200 μl of this suspension 

was administered to each germ-free mouse by gavage in sterile isolator. SFB 

reconstitution was confirmed by qPCR of fecal 16S rDNA relative to negative GF 

controls as previously described (Salzman et al., 2010). Mono-associated mice 

were maintained for 1-2 weeks prior to analysis. For mono-association of germ-

free mice with Staphylococcus epidermidis, clinical isolate NIHLM087 (Grice et 

al., 2009) was cultured for 18 hrs in tryptic soy broth at 37°C. Germ free mice 

were associated by placing100 – 500 ml of overnight S. epidermidis bacterial 

suspension on ear and flank skin using a sterile cotton swab every 3 days for one 

to two weeks. For infectious studies, mice were topically associated either a 

week prior or at time of L. major inoculation. S. epidermidis reconstitution was 

confirmed by sterilely homogenizing ear skin and plating on tryptic soy agar for 

18 hrs. 

 

ELISA: 
	
  
Naïve or infected skin tissue homogenates were cultured for 18 hrs in RPMI 

containing 100 U/ml penicillin, 100 μg/ml streptomycin, 55 mM b-

mercaptoethanol, 20 mM HEPES (HyClone) and 10% FBS at 37°C. Supernatants 

were collected and levels of inflammatory mediators were measured either ELISA 

(R&D Systems) or multiplex (Millipore). 
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NanoString nCounter analysis: 
	
  
nCounter Gene Expression Assay was performed using two specific probes 

(capture and reporter) for each gene of interest. In brief, cell lysates from 10,000 

cells per sample were hybridized with customized Reporter CodeSet and Capture 

ProbeSet according to manufacturerʼs instructions (NanoString Technologies, 

Seattle, USA), for direct labeling of mRNAs of interest with molecular barcodes 

without the use of reverse transcription or amplification. Then, the hybridized 

samples were recovered with the NanoString Prep Station and the mRNA 

molecules counted with the NanoString nCounter. The resulting counts were 

corrected by subtracting the average value of the negative control (alien probes 

from the CodeSet, lacking spiked transcript) from the raw counts obtained for 

each RNA. Values less than zero were considered equal to 1. The corrected raw 

data were finally normalized using Gapdh as housekeeping gene. 

 

Leishmania major infection and parasite enumeration: 
	
  
Mice were infected in the ear dermis with 104-105 L. major metacyclic 

promastigotes clone V1 (MHOM/IL/80/Friedlin) in a volume of 5 μl, using a 27 1/2 

G needle as previously described (Belkaid et al., 2000). Immune responses were 

assessed between 4 and 5 weeks post infection. Lesion sizes were measured 

using an engineer caliper (Mitutoyo). To enumerate parasite, cytospin slides 

prepared from single cell suspensions of dermal lesions were stained with diff-

quick (Fisher Scientific). Parasites and total number of nucleated on each 



www.manaraa.com

	
  

143	
  

slide were counted using a light microscope. 

 

Generation of Bone Marrow Chimeras: 
	
  
Bone marrow was extracted from hind legs of knockout and wild type animals 

and T cell depleted using CD90.2 microbeads (Miltenyi). 5 week old Rag1 

deficient/ CD45.1 animals were lethally irradiated and reconstituted with either 10 

million mixed WT: KO bone marrow cells in a 30: 70 ratio or individually into 

separate hosts. Animals were maintained on antibiotics for up to one week after 

reconstitution. Cutaneous and intestinal lymphocytes were assessed 12-16 

weeks after reconstitution.  

   

In vitro T cell re-stimulation: 
	
  
For detection of basal cytokine potential, single cell suspensions from various 

tissues were stimulated directly ex vivo with 50 ng/ml phorbol myristate acetate 

(PMA)/ (Sigma) and 5 μg/ml ionomycin (Sigma) in the presence of brefeldin A 

(GolgiPlug, BD Biosciences) in RPMI 1640 supplemented with 10% FBS, 

penicillin, streptomycin, HEPES, glutamine, nonessential amino acids, and 50 

mM of β-mercaptoethanol for 4 hours at 37°C and 5% CO2. For Leishmania 

specific stimulations, single cells suspensions were stimulated in the presence of 

soluble Leishmania antigen for 18 hrs. Brefeldin A (GolgiPlug, BD Biosciences) 

was added to cultures for the last 8 hrs. For ex vivo cytokine production analysis 
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post L. major infection, skin tissue was digested in the presence of Brefeldin A 

and isolated cells were then incubated in the presence of Brefeldin A and RPMI 

1640 supplemented with 10% FBS, penicillin, streptomycin, HEPES, glutamine, 

nonessential amino acids, and 50 mM of β-mercaptoethanol for 4 hrs at 37°C 

and 5% CO2.  CD4+ T cells, based on the expression of TCRβ and CD4 and 

dermal gd T cells, based on intermediate expression levels of the pan γδ TCR, 

were sorted from the skin of SPF mice. Purified cells T cells were cultured in 

αCD3 (1mg/ml) coated plates in the presence or absence of IL-1α, IL-1β 

(10ng/ml) or IL-6 (15 ng/ml) and supplemented with 10% FBS, penicillin, 

streptomycin, HEPES, glutamine, nonessential amino acids, and 50 mM of β-

mercaptoethanol for 48hrs at 37°C and 5% CO2. Cytokine expression in the cell 

culture supernatants was assayed using FlowCytomix Multiplex Technology 

(ebioscience) and was adjusted to the plated density of 5x103 cells in 50µl total 

culture volume.  

In vivo cytokine administration: 
	
  
Naïve or L. major infected animals were treated intraperitoneally with either 250 

mg/kg of recombinant human IL-1ra / Kineret (Biovitrum) or PBS control daily for 

7 days starting at the time of infection and/or bacterial mono-association.  

Statistics: 
	
  
Paired or Unpaired Student t test was used to compare the corresponding 

populations. Error bars represent standard error of the mean. 
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