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Intestinal inflammation breaks established immune tolerance to a skin 

commensal 

Geil Ramvielle Merana 

 

ABSTRACT 

The gut and skin are major barrier tissues that house microbial communities 

capable of influencing host immunity. Under homeostatic conditions, resident microbes 

at each of these two sites are thought to have a dominant impact on local immune cell 

function. However, the prevalence of neutrophilic skin disorders among patients with 

Inflammatory Bowel Disease suggests that this compartmentalized control may not hold 

under disease conditions. We hypothesized that an altered immune response to gut-

resident microbes during colitis may facilitate excessive inflammation directed at skin 

commensals. Using an established model, wherein neonatal colonization by 

Staphylococcus epidermidis facilitates development of adaptive immune tolerance and 

enrichment in S. epidermidis-specific CD4+ regulatory T cells (Tregs), we asked whether 

this tolerance to skin bacteria can be perturbed in the context of gut inflammation. 

Induction during adulthood of either chemically or genetically-mediated colitis, but not 

systemic inflammation alone, led to reduced percentages of S. epi-specific Tregs in skin 

and skin-draining lymph nodes (LN) and an increase in skin neutrophils. Intestinal 

presence of S. epidermidis and reduced percentages of S. epidermidis-specific Tregs at 

this site during colitis suggested initiation of this altered response in the gut. Consistent 

with this, adoptive transfer and photoconversion experiments revealed a colitis-induced 

increase in CD4+ T cell trafficking from gut-draining LN to skin-draining LN. Recovery in 
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the percentage of S. epidermidis-specific Tregs in colitic Cd4creIl1r1fl/fl mice further 

indicated a role for circulating IL-1 cytokines in shifting the CD4+ skin commensal 

response during colitis. Collectively, these results identify a context in which there is 

breakdown in homeostatic separation of skin and gut host-microbe interactions and 

provide mechanistic insight into observed connections between inflammatory skin and 

intestinal diseases. 
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1.1 The intestines and skin are home to distinct cellular compartments 

The intestines and skin are major barrier tissues that play a critical role in 

coordinating responses to environmental stimuli through a variety of cell types residing 

in specialized structures. The intestinal tract consists of several mucosal organs from 

the oral cavity, down to the small and large intestines and their respective draining 

lymph nodes (the “gut”) (Esterházy et al., 2019; Houston et al., 2016). A one cell layer-

thick barrier comprised of columnar intestinal epithelial cells (IECs) separates the 

mucus-covered lumen—where primary exposure to microbial and food antigens 

occurs—from the lamina propria, where the majority of intestinal immune cells reside 

and function (Agace and McCoy, 2017; Brown and Esterházy, 2021). Subsets of 

epithelial cells reside in the intestinal barrier, encompassing functions ranging from 

secretory (goblet cells) to absorptive (enterocytes), or even immune-like (Tuft cells). A 

pool of stem cells at the base of the intestinal crypts supports constant renewal of these 

populations (Coates et al., 2019).  

 

Meanwhile, the physical barrier of the skin consists of a stratified squamous 

epithelium made up of keratinocytes that differentiate into specialized populations. In 

the outermost layer of the skin, the stratum corneum, lipids form a matrix between 

corneocytes or keratinized cell envelopes. In deeper epidermal layers, the stratum 

granulosum and stratum spinosum, keratin filaments provide structural support. Stem 

cells that replenish these populations reside in the basal layer of the epidermis and 

within hair follicles (Coates et al., 2019).  
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The intestinal tract and skin also harbor both unique and shared immune cell 

types in addition to non-immune populations. Intra-epithelial lymphocytes reside in the 

intestinal epithelial border in close contact with luminal antigens, where their localization 

and function is influenced by commensal microbes (Hoytema van Konijnenburg et al., 

2017). Likewise, gut-resident CX3CR1-expressing mononuclear phagocytes extend 

their dendrites through the epithelium to “sample” luminal microbial antigens and relay 

information to intestinal T cells (Niess et al., 2005). In the skin, Langerhans cells 

strategically reside in the epidermal layer to serve as the first line of defense against 

pathogens (Merad et al., 2008).  

 

Despite notable differences in specialized subsets of immune cells, the gut and 

skin are both home to T cells, which are important in maintaining homeostatic 

interactions with commensal microbes inhabiting these barrier tissues. Belonging to the 

adaptive arm of the immune system, T cells express unique T cell receptors (TCRs) 

specific to molecules called antigens, allowing them to undergo activation and 

expansion upon exposure, and in turn elicit a robust memory response upon re-

exposure to the same stimuli. The two main subsets of CD4+ T cells, regulatory and 

effector, will be the main focus of this dissertation.  

 

1.1.1 Regulatory T cells 

Making up only 5-7% of CD4+ T cells in the body as a whole (Raffin et al., 2020), 

regulatory T cells (Tregs) express the lineage-defining transcription factor Foxp3, a 

master regulator in their development (Fontenot et al., 2003; Hori et al., 2003; Khattri et 
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al., 2003). Considered the “overseers” of the immune system, Tregs are especially 

poised to suppress other cell types, such as effector T cells, in order to maintain 

homeostasis. Tregs dampen inflammation through mechanisms that are either contact-

dependent (checkpoint inhibition molecules such as CTLA-4) or contact-independent 

(release of cytokines such as IL-10) (Raffin et al., 2020).  

 

The importance of functional Tregs in both mice and humans is underscored by 

severe autoimmune diseases, such as Immunodysregulation polyendocrinopathy 

enteropathy X-linked (or IPEX) syndrome, driven by mutations in the Foxp3 gene 

(Bacchetta et al., 2006). This is further strengthened by early seminal work beginning 

with the ability of Tregs to prevent inflammation in murine models (Powrie et al., 1993) 

as well as recent clinical data on their therapeutic potential in various diseases (Raffin et 

al., 2020). Additionally, Tregs are important in the process of tissue repair, as the 

absence of these cells can severely blunt timely wound healing (Mathur et al., 2019) or 

lead to fibrosis (Kalekar et al., 2019). On the other hand, Tregs can be detrimental 

depending on disease state, as they may suppress the ability of effector T cells that 

would otherwise attack tumors (Tanaka and Sakaguchi, 2019).  

 

Once thought to be homogeneous and derived only from the thymus (natural 

Tregs), Tregs have been shown to have heterogeneity within and between tissues 

(Wing et al., 2019) and have the capacity to be induced outside the thymus (peripheral 

or induced Tregs) as a response to environmental stimuli. In fact, commensal microbes 

serve as a significant driving force for peripheral Treg induction in some tissues (Muñoz-
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Rojas and Mathis, 2021). These characteristics highlight the importance of studying 

Tregs in different contexts, especially their role in maintaining appropriate and lasting 

relationships with commensal microbes. 

 

1.1.2 Th17 cells     

Along with Th1 and Th2 cells, T helper type 17 (Th17) cells are specialists within 

the effector CD4+ T cell (Teff) subset and are important in polarizing immune responses 

to specific stimuli (Harrington et al., 2005; Park et al., 2005). While Th1 and Th2 cells 

are known to target pathogenic viruses and helminths respectively, Th17 cells are vital 

to the body’s defense against extracellular bacteria and fungi. As such, defects in Th17 

immunity can lead to recurring infections from pathogens such as Candida albicans 

(Stockinger and Omenetti, 2017). Th17 cells are characterized by expression of the 

transcription factor RORγt and production of the signature cytokine IL-17A (Ivanov et 

al., 2006). Signals from Th17 cells recruit other immune cells such as neutrophils to 

sites of inflammation to help combat pathogenic microbes.   

 

However, Th17 cells and the resulting downstream immune responses induced 

by them can also be pathogenic in other settings, as they have long been implicated in 

autoimmunity (Langrish et al., 2005). The signature Th17 cytokine IL-17A has been a 

major therapeutic target in diseases such as Inflammatory Bowel Disease (IBD), 

psoriasis, rheumatoid arthritis, and multiple sclerosis (Gaffen et al., 2013). The 

dichotomous nature of Th17 cells in health and disease warrants further investigation, 

especially in their role in balancing appropriate relationships with commensal microbes. 



 6 

1.2 Commensal microbes influence the host immune system 

Tens of trillions of bacteria, fungi, and viruses reside within an organism’s body in 

tissues such as the intestines and skin. Under homeostatic settings, microbes 

considered to be “commensal” fail to stimulate inflammatory responses and instead are 

welcomed with features of immune tolerance. Traditionally, this failure to elicit 

inflammation was thought to stem from “ignorance”, or the host’s impaired ability to 

detect commensal microbes (Macpherson and Harris, 2004). However, more recent 

studies have challenged this idea, instead supporting the paradigm in which calculated 

exposures drive specific signaling pathways and mold favorable relationships between 

the host and its resident microbiota (Tuganbaev et al., 2021). Remarkably, microbes 

can co-opt mechanisms of host immunity in order to facilitate commensalism in the gut 

(Donaldson et al., 2018) and help protect against sepsis (Wilmore et al., 2018). In 

addition, there is increasing evidence for the role of the microbiome in directly regulating 

host immune responses to insults such as skin injury (Di Domizio et al., 2020) as well as 

influencing therapeutic outcomes (Gopalakrishnan et al., 2018; Nayak et al., 2021).  

 

1.2.1 Diverse microbial communities reside in the gut and skin 

The orchestration of host-commensal microbe interactions depends on tissue-

specific factors, such as microbial composition. Likewise, the unique composition of 

commensal microbial communities between the gut and skin is dictated by differences 

in organ architecture and nutrient availability. The moist, carbon- and nitrogen-rich 

intestines have a neutral pH and provide a highly anaerobic environment on the surface 

near the lumen, while the deeper areas of the intestinal crypts are more oxygenated. In 
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comparison, the surface of the skin is an acidic, high-salt, and dry aerobic environment 

while its invaginations are lipid-rich and comparatively anaerobic (Chen et al., 2018). 

 

Microbes are not uniformly distributed in both barrier tissues. Microbial burden 

steadily increases along the intestinal tract, as the speed of transit through the small 

intestine favors rapidly dividing microbes such as Proteobacteria while a slower flow in 

the colon allows for microbial metabolism of plant matter by Bacteroides and Clostridia 

species, resulting in greater species richness. Even within the colon itself, microbes like 

Akkermansia muciniphila prefer to reside within mucin-rich layers while segmented 

filamentous bacteria (SFB) directly adhere to epithelial cells (Tropini et al., 2018).  

 

Similarly, specialized niches within the skin harbor distinct microbial communities 

(Grice et al., 2009; Findley et al., 2013). Lipophilic microbes including Propionibacterium 

species dominate sebaceous sites whereas Staphylococcus and Corynebacterium 

species thrive in humid environments such the moist areas of the elbows and feet (Byrd 

et al., 2018). Interestingly, despite being at the frontline of relentless environmental 

perturbations, microbial communities are largely stable in both the gut (Faith et al., 

2013) and the skin (Oh et al., 2016), where the majority of strains in an individual’s 

microbiota can persist for years, perhaps owing in part to a combination of homeostatic 

interactions between community members and the maintenance of immune tolerance 

mechanisms by commensal-induced T cells.  
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1.2.2 CD4+ T cell responses to commensal microbes 

Mice raised in germ-free conditions are known to have severely impaired immune 

responses and underdeveloped secondary lymphoid organs, highlighting the role of the 

microbiome in shaping immune development. More importantly, germ-free mice have an 

overall reduction in Treg and Th17 numbers (Round and Mazmanian, 2010), while the 

gut and skin are enriched for commensal-specific Treg and Th17 cells in mice raised in 

specific pathogen-free (SPF) conditions (Scharschmidt et al., 2015). 

 

1.2.3 Commensal-induced Tregs 

Tregs are more abundant in the colon LP and skin (around 40% of CD4+ T cells) 

compared to lymph nodes (around 10-20%) (Malhotra et al., 2018). Although there is 

newly-found evidence of thymically-generated gut commensal-specific CD4+ T cells 

(Zegarra-Ruiz et al., 2021), bacterially-derived molecules such as short chain fatty acids 

(SCFAs) (Smith et al. 2013) and secondary bile acids (Campbell et al. 2020) have been 

known to induce extrathymic generation of intestinal Tregs. Though there is burgeoning 

evidence that skin microbes produce similar Treg-inducing molecules such as SCFAs 

(Schwarz et al., 2017), less is known about the plethora of microbially-derived 

molecules that could potentially drive Treg accumulation in the skin. Efforts to 

characterize these important microbial mediators are ongoing in groups such as ours.  

 

1.2.4 Commensal-induced Th17 cells 

Unlike tissues such as the oral mucosa, a large proportion of gut and skin-

resident Th17 cells arise from exposure to commensal microbes (Dutzan et al., 2017). 
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In the gut, Th17 induction by microbes seems to be dependent on the method of 

colonization, as epithelial cell-adherent SFB, Citrobacter rodentium, and Escherichia 

coli all induce a Th17 signature while adhesion-defective mutants fail to do so (Atarashi 

et al., 2015). In skin, colonization by commensals like Candida albicans and Malassezia 

furfur is not associated with fulminant tissue inflammation compared to intradermal 

injection with the same microbes, but these fungi still elicit the accumulation of Th17 

cells in homeostatic settings (Hurabielle et al., 2020). Likewise, Th17 cells are induced 

upon skin colonization with Staphylococcus species (Naik et al., 2015). Upon skin injury, 

Staphylococcus-induced Th17 cells contribute to tissue repair (Harrison et al., 2019), 

highlighting the role of commensal microbes in building protective immune function. 

 

1.3 Immune tolerance to commensal microbes is established in early life 

Extensive advances have been made in understanding the mechanisms by 

which the microbiome elicits immune responses in adulthood. However, there is 

growing interest in the importance of childhood exposures to microbes in proper 

immune development, especially as critical immune mechanisms and establishment of 

microbial communities within host tissues occur in tandem during this early-life window. 

Tregs are known to accumulate in skin in parallel with hair follicle development in mice 

(Scharschmidt et al., 2017) and humans (Dhariwala et al., 2020). There exists a short 

time interval in which induction of antigen-specific tolerance to commensal microbes 

occurs in the skin (Scharschmidt et al., 2015) and in the gut (Knoop et al., 2018). 
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Similarly, the assembly of complex microbial communities begins in early life. 

Upon birth, the host is inundated with commensal microbes that seed barrier tissues, 

although recent studies have implicated in utero exposure as another potential source 

of microbial education even earlier on (Rackaitye et al., 2020; Mishra et al., 2021). 

Thus, a “window” of opportunity exists within this early-life timeframe in which host 

immune cells encounter and are influenced by pioneering microbial colonizers.  

 

The successful orchestration of host-commensal interactions are important as 

disruption of these essential, immune tolerance-promoting mechanisms in early life can 

increase susceptibility to certain diseases in adulthood. For example, antibiotic 

treatment, which de-stabilizes resident microbial communities, has long been linked to 

the development of asthma and allergy in humans (Russell et al., 2012) and interrupts 

the “weaning reaction” in mice, leading to pathological imprinting and increased 

susceptibility to other diseases such as colitis in later life (Al Nabhani et al., 2019).  

 

1.4 Aims of this study 

 Current literature has started to explore the role of early-life disruption of host-

commensal interactions in disease development. However, less is known about the 

mechanisms by which factors that emerge in adulthood can undermine established 

tolerance to commensal microbes and contribute to unexpected pathogenic responses. 

In addition, current literature on the connections between gut and skin are largely limited 

to correlative studies regarding the role of intestinal microbial dysbiosis on the 

development of various skin diseases. As re-programming of immunity is an ongoing 
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process, the aim of this study is to investigate the cellular and molecular mechanisms 

by which intestinal-driven inflammation in adulthood can disrupt an intimate host-

commensal relationship established in the skin in early life. 
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CHAPTER 2: Intestinal inflammation alters the cutaneous immune response to a 

skin commensal microbe 
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The intestinal tract and skin are two major barrier sites both housing complex 

microbial communities and resident immune cell populations. In these tissues, adaptive 

immune tolerance to commensal bacteria is initiated by early life microbial exposures 

that support expansion of commensal-specific regulatory T cell (Treg) populations 

(Knoop et al., 2017; Scharschmidt et al., 2015; Scharschmidt et al., 2017). 

Establishment of this tolerance is critical for later-life immune homeostasis at barrier 

sites, as is demonstrated by the inflammatory consequences of disrupting early-life 

host-microbe interactions (Al Nabhani et al., 2019; Russell et al., 2012). Even if 

appropriately established at birth, there remains the possibility that subsequent loss of 

adaptive immune tolerance toward microbial antigens could result in increased 

inflammation and disease at these barrier sites. However, the circumstances and 

mechanisms that predispose to this loss of commensal-specific tolerance, especially as 

relates to skin bacteria, remain poorly defined.  

 

Mutualistic relationships between resident immune cells and neighboring 

microbes in tissues rely on a delicate balance between effector CD4+ T cells (Teff), 

which produce cytokines to support antimicrobial defense, and Foxp3+ CD4+ regulatory 

T cells (Tregs) that help restrain excessive inflammatory responses. For a given 

antigen, the ratio between these two populations, more so than the absolute number of 

Tregs, appears to be a critical determinant of whether tolerance can prevail and 

inflammation is kept at bay (Su et al. 2016, Rosenblum et al. 2016). CD4+ T cells 

responsive to tissue-resident bacteria span a phenotypic continuum (Kiner et al. 2021), 

influenced by factors including identity of the microbe, timing of colonization, and 
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concurrent local inflammatory cues (Hand et al. 2012, Leech et al 2019). In the intestinal 

tract and skin, commensal-specific CD4+ cells tend to be especially enriched for type 17 

helper T (Th17) cells and Tregs (Atarashi et al. 2011, Harrison et al. 2019, Ivanov et al. 

2009, Round et al. 2010, Scharschmidt et al. 2015). 

 

Under homeostatic conditions, tissue-resident microbes are thought to have a 

dominant impact on local immune cell function (Belkaid and Harrison, 2017; Durack and 

Lynch, 2019). According to prevailing dogma, “compartmentalization” exists in healthy 

hosts between organs such as the intestinal tract and skin, which harbor dense and 

distinct microbial populations. In a seminal study of these two tissues, neither oral 

gavage with segmented filamentous bacteria nor antibiotic-mediated depletion of 

intestinal microbes altered the skin CD4+ T cell compartment in mice. In contrast, skin 

colonization by the commensal Staphylococcus epidermidis (S. epidermidis) augmented 

cutaneous CD4+ T cell numbers and cytokine production (Naik et al. 2012). 

 

However, there is increasing evidence that disease can weaken 

“compartmentalization” of the intestinal immune response to luminal microbes (Akdis 

2021, Ayres 2016). In mice, acute intestinal infection supports systemic dissemination of 

commensal-specific effector CD4+ T cells (Hand et al. 2012). In humans, alterations in 

the intestinal microbiome are linked to extra-intestinal diseases including asthma, 

rheumatoid arthritis, and multiple sclerosis (Durack and Lynch, 2019). Notably, 

Inflammatory Bowel Disease (IBD), a condition in which genetic and environmental 

factors fuel microbiome disruption and intestinal inflammation, predisposes patients to 
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neutrophilic skin dermatoses by poorly understood mechanisms. Although shared 

genetic features may separately confer risk for simultaneous skin and gut disease 

(Marzano et al. 2014), there is sufficient evidence for skin inflammation in the setting of 

gut microbiome perturbation (Myers et al. 2019, Song et al. 2016) to explore a possible 

role for a disrupted, cross-reactive immune response to microbes at both barriers. First, 

however, additional mechanistic insight into the relationship between the intestinal tract 

and skin in the context of host-microbe interactions is needed.  

 

Here, we sought to address whether intestinal inflammation impacts the adaptive 

immune response to commensal bacteria in the skin. More specifically, by combining 

our system to track S. epidermidis-specific CD4+ Tregs and Teffs following neonatal 

colonization (Scharschmidt et al., 2015) with two colitis models (Kattah et al., 2018; 

Wirtz et al. 2017), we set out to test the hypothesis that intestinal inflammation can 

undermine previously established adaptive immune tolerance to skin commensals. We 

demonstrate that in adult mice, colitis (but not systemic inflammation) decreases the S. 

epidermidis-specific Treg response in skin and skin-draining lymph nodes and 

predisposes to neutrophilic skin infiltration. This phenomenon is linked to a concurrent 

intestinal CD4+ response to S. epidermidis, which is augmented and skewed towards 

Teffs during colitis. We find that colitis predisposes towards gut-to skin trafficking of 

CD4+ T cells and that inhibition of lymphocyte circulation rescues the skin S. 

epidermidis-specific Treg response. Finally, we identify that excess IL-1R1 signaling in 

T cells facilitates the reduction in S. epidermidis-specific Tregs during colitis. Our results 
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reveal cell type and pathway-specific mechanisms by which intestinal inflammation 

impacts established host-microbe relationships in the skin.  
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2.2.1 Intestinal inflammation disrupts established immune tolerance to S. 

epidermidis 

To probe the relationship between intestinal and skin inflammation, we first 

sought to address whether acute intestinal inflammation spontaneously expands or 

activates immune cells present in skin and skin-draining lymph nodes (skin-draining 

LN). To test this, we subjected adult (5-6 week old) wild-type (WT) C57BL/6, specific 

pathogen-free (SPF) mice to a model of dextran sodium sulfate (DSS)-mediated acute 

intestinal inflammation (Wirtz et al. 2017). 3.5% DSS was provided to mice in their 

drinking water for 5 days, which resulted in decreased colon length (Fig. 2.1A).  At day 

10,  skin and skin-draining LN were analyzed by flow cytometry to quantify CD4+ T cell 

populations (Fig. 2.1B) as well as myeloid cells (Fig. 2.2A). In both organs, no 

significant differences in DSS-treated mice vs. water-treated controls were seen for the 

majority of the populations surveyed, including IL-17A or IFNg-producing CD4+ T cells 

(Fig. 2.1C-F), though there was a minimal difference in the CCR2+ monocytes at the 

height of disease at day 7  (Fig. 2.2B). This suggests that intestinal inflammation alone 

is largely insufficient to undermine immune compartmentalization of intestinal and skin 

tissues, especially the CD4+ T cells, in the context of acute murine colitis.  

 

Relying upon the concept of pathergy, in which minor skin trauma leads to 

exacerbation of existing or development of new skin inflammation (Kutlubay et al., 

2017), we tested the effect of an additional skin-directed signal in this same model. The 

back skin of adult mice was tape-stripped to minimally abrade the epidermis 

(Scharschmidt 2015)  on days 0, 3 and 6 concurrent with DSS or water administration 
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before harvest on day 10. Tape-stripping revealed a heightened neutrophil response in 

skin of DSS-treated mice (Fig. 2.2C-D) as well as changes in the rest of the myeloid 

compartment during the treatment period (Fig. 2.3), suggesting the possibility that 

increased exposure to skin commensals may be necessary to uncover a skin response 

during concurrent intestinal challenge. 

 

We previously showed that neonatal skin colonization with a model antigen (2W)-

expressing strain S. epidermidis (S. epi)-2W results in establishment of antigen-specific 

tolerance. This tolerance is denoted by a high percentage of 2W+ regulatory T cells 

(Tregs) in the skin and skin-draining LN upon S. epi-2W re-exposure and skin tape-

stripping in adult life, which is accompanied by reduced histologic skin inflammation and 

skin neutrophil infiltration as compared to mice not colonized by S. epi-2W during 

infancy (Scharschmidt 2015). We took advantage of this existing model to test the 

hypothesis that altered immune responses during colitis may facilitate excessive 

inflammation directed at skin commensal microbes—resulting in a “breakdown” of 

previously established tolerance.  

 

To investigate whether acute intestinal inflammation alters the skin immune 

response to S. epi-2W, we colonized WT SPF mice with the bacteria on postnatal days 

7, 10, and 13 to establish a Treg-enriched S. epi-specific CD4+ compartment as 

previously demonstrated (Scharschmidt 2015). These mice were then aged to adulthood 

(5-6 weeks of age), when they were re-challenged with S. epi-2W plus tape-stripping, 

with one experimental group receiving DSS in the drinking water and another receiving 
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water as a control (Fig. 2.4A). As expected from prior literature (Wirtz et al., 2017) the 

DSS-treated group developed fulminant colitis, with appreciable weight loss (Fig. 2.4B) 

and decreased colon length at harvest on day 10 (Fig. 2.4C).  

 

Both groups were able to mount a comparable antigen-specific memory 

response to S. epi-2W (Fig. 2.4E, top), as reflected by an equivalent percentage and 

number of 2W+CD44+CD4+ T cells in skin-draining LN (Fig. 2.4F) and skin (Fig. 2.4G). 

However, the quality of the S. epi-specific CD4+ response in DSS-treated mice was 

notably altered (Fig. 2.4E, bottom), with a decreased percentage of S. epi-2W specific 

Tregs evident in both skin-draining LN and skin (Fig. 2.4H), as compared to control 

mice. Interestingly, the percentage of polyclonal Tregs in skin-draining LN and skin (Fig. 

2.4I) were not reduced in comparison, suggesting that underlying intestinal inflammation 

plus skin injury can specifically influence commensal-specific CD4+ T cell responses in 

skin. This reversal in the S. epi-specific Treg response was accompanied by an 

increase in skin neutrophils (Fig. 2.4J) and in IL-17A-producing but not IFNg or IL-13-

producing CD4+ T cells in skin (Fig. 2.4K), further corroborating the breakdown of 

established tolerance to skin S. epidermidis.  

 

To test whether this breakdown of tolerance was generalizable to other models of 

colitis, we utilized a genetic model wherein inducible intestinal epithelial cell-specific 

mutations in two IBD-associated genes, A20 and ABIN-1, results in acute intestinal 

inflammation (Kattah et al. 2018).  A20fl/fl Abinfl/+ Villin-CreERT2 Tg+ (Villin-Cre+) and 

A20fl/fl Abinfl/+ Villin-CreERT2 Tg- (Villin-Cre-) SPF mice were pre-colonized with S. epi-2W 
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and aged to adulthood (5-6 weeks of age), at which point they were injected with 

tamoxifen intraperitoneally (i.p.) to induce Cre-mediated recombination and concurrently 

rechallenged with S. epi-2W plus tape stripping as previously described (Fig. 2.5A). The 

Villin-Cre+ group developed fulminant colitis, with appreciable weight loss (Fig. 2.5B) 

and decreased colon length (Fig. 2.5C) at harvest on day 10. Both groups were able to 

mount a comparable antigen-specific memory response to S. epi-2W, as reflected by an 

equivalent percentage (Fig. 2.5D) and number (Fig. 2.5E) of 2W+CD44+CD4+ T cells in 

skin-draining LN. However, similar to DSS-treated mice, the quality of the S. epi-specific 

CD4+ response in Villin-Cre+ mice was notably altered, with a decreased percentage of 

S. epi-2W specific Tregs evident in skin-draining LN (Fig. 2.5F) as compared to Villin-

Cre- mice, while the percentage of polyclonal Tregs in skin-draining LN remained 

unchanged (Fig. 2.5G).  

 

To further corroborate our findings in another system, we utilized the chronic 

model of DSS-induced colitis, wherein neonatally-colonized WT mice were subjected to 

three rounds of DSS treatment before rechallenge with S. epi-2W plus tape stripping in 

the last round of treatment (Fig. 2.5H). Similar to the acute DSS model, the quality of 

the S. epi-specific CD4+ response in mice which underwent chronic DSS treatment was 

notably altered (Fig. 2.5I). Collectively, these results demonstrate the robustness of the 

finding that intestinal inflammation concurrent with skin injury alters commensal-specific 

CD4+ T cell responses in skin. 
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Finally, we wondered whether the effects of acute colitis on cutaneous immunity 

could persist long after initiation of inflammation. To test this initially, we colonized WT 

SPF mice with the bacteria on postnatal days 7, 10, and 13, then induced colitis three 

weeks later. After another three weeks post-DSS treatment, mice were re-challenged 

with S. epi-2W plus tape-stripping while receiving regular drinking water (Fig. 2.6A). 

Although the antigen-specific response to S. epi-2W was unchanged (Fig. 2.6B), there 

remained a noticeable increase in polyclonal CD4+ T cell and neutrophil response in the 

skin-draining LN even three weeks past induction of acute colitis (Fig. 2.6C-E), 

suggesting that transient gut inflammation could have lasting consequences on host-

microbe relationships. 

 

2.2.2 Systemic inflammation alone is not sufficient to alter the antigen-specific 

response to S. epidermidis 

To further probe the mechanisms that break established tolerance to S. epi-2W, 

we then asked whether systemic inflammation alone would be sufficient to alter the 

antigen-specific response. To test this, we subjected pre-colonized, adult (5-6 week old) 

WT SPF mice to a modified lipopolysaccharide (LPS)-induced sepsis model. In the 

LPS-induced sepsis model, mice are typically given one 10 mg/kg dose of LPS resulting 

in death within 3-4 days (Lehner et al., 2001). We chose this model as it recapitulates 

the type of systemic inflammation seen in DSS-colitis, i.e., an acute increase in 

systemic pro-inflammatory cytokines and circulating neutrophils and monocytes (Cao et 

al., 2019; Napier et al., 2021) but without intestinal barrier breach as the causative 

event. We modified this model to allow for development of systemic inflammation 
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through a longer time period of 10 days, which better matched the level of inflammation 

in the DSS model and allowed us to concurrently assess the S. epi-specific CD4+ T cell 

response. After titrating the LPS to match DSS-induced weight loss, we injected one 

group of mice intraperitoneally with 2 mg/kg LPS and another group with PBS during the 

S. epi-2W re-challenge period (Fig. 2.7A). The LPS-injected mice developed fulminant 

inflammation, with weight loss (Fig. 2.7B) and neutrophilic infiltration into the spleen 

(Fig. 2.7C) and skin-draining LN (Fig. 2.7D) at the end (day 10) of the re-challenge 

period. Both LPS and PBS-injected mice were equally able to mount a memory 

response to S. epi-2W, as reflected by an equivalent percentage (Fig. 2.7E) and 

number (Fig. 2.7F) of 2W+CD44+CD4+ T cells in skin-draining LN. Notably, the quality of 

the S. epi-2W response in LPS-treated mice did not change, with both groups showing 

an equivalent percentage of S. epi-specific Tregs in skin-draining LN (Fig. 2.7G) and 

comparable numbers of skin neutrophils (Fig. 2.7H). To test whether repeated LPS 

exposure could skew the commensal-specific response to S. epi-2W, we injected mice 

i.p. with 1 mg/kg LPS or PBS on days 0, 3, and 6 of the re-challenge period and found 

that both groups still showed equivalent percentages of S. epi-specific Tregs in skin-

draining LN (Fig. 2.7I).   

 

As DSS-induced colitis results in an excess of systemically circulating gut 

microbial antigen (Eichele and Kharbanda, 2017), we speculated whether additional 

antigen from S. epi-2W could push this system. To test whether repeated LPS exposure 

and additional circulating 2W antigen could skew the commensal-specific response to 

S. epi-2W, we injected mice i.p. with 1 mg/kg LPS plus heat-killed S. epi-2W or PBS on 
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days 0, 3, and 6 of the re-challenge period and again found that both groups still 

showed equivalent percentages of S. epi-specific Tregs in skin-draining LN (Fig. 2.7J).  

These results suggest that underlying systemic inflammation alone is not sufficient to 

influence commensal-specific CD4+ T cell responses in skin and that there is a potential 

secondary role for the dissemination of live S. epi-2W during colitis or other colon-

centric immune mechanisms that are not recapitulated with the LPS model, even in the 

presence of circulating microbial antigen. 

 

2.2.3 Colitis, but not systemic inflammation, alters the intestinal CD4+ T cell 

responses to S. epidermidis 

Although most notably a human skin commensal bacterium, S. epidermidis has a 

less widely appreciated niche within the neonatal intestine (Adlerberth et al., 2006). 

Indeed, we found that S. epi-2W can stably colonize the colon even 11 days post-

neonatal skin colonization in WT pups and can induce a substantial 2W+ CD4+ T cell 

population in the colon lamina propria (LP) and gut-draining LN (Fig. 2.8A and Fig. 

2.8C). Upon secondary skin challenge during adulthood, S. epi-2W was significantly 

more abundant in the colon-sourced stool of DSS-treated mice compared to controls 

(Fig. 2.8C), suggesting its differential ability to colonize in a perturbed gut environment.  

 

Based on these observations, we sought to determine whether the breakdown of 

established antigen-specific tolerance to S. epidermidis originates in the gut. Using the 

same experimental setup (Fig. 2.1A), we looked at T cell responses in colon LP and 

gut-draining LN of DSS-treated mice compared to controls. Development of disease in 
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the acute DSS model is not T cell-dependent (Wirtz et al., 2017) but we found that 

polyclonal CD4+ T cells accumulate in colon LP (Fig. 2.8D) and gut-draining LN (Fig. 

2.8F) of DSS-treated mice by the end of the 10-day treatment period. CD4+ T cell 

expansion combined with increased exposure to S. epidermidis in the gut resulted in 

significantly greater numbers of 2W+CD44+ CD4+ T cells in colon LP (Fig. 2.8B and E) 

and gut-draining LN (Fig. 2.8B and G) of DSS-treated mice compared to controls. As 

was evident in skin-draining LN and skin of DSS-treated mice, there was also a colitis-

associated decrease in the percentage of S. epi-2W specific Tregs in gut-draining LN 

(Fig. 2.8H), but not in the polyclonal Treg population (Fig. 2.8I).  

 

To understand the specificity of this response to colitis, we used our modified 

LPS sepsis model (Fig. 2.7A) to examine the intestinal S. epi-specific CD4+ T cell 

response during systemic inflammation alone. Unlike the DSS-treated mice, there were 

no differences in the number of polyclonal (Fig. 2.8J) or 2W+CD44+ CD4+ T cells (Fig. 

2.8K) nor in the quality of the response to S. epi-2W in gut-draining LN of LPS-injected 

mice, whether in an antigen-specific or polyclonal manner (Fig. 2.8L and M). These 

results suggest that DSS-induced colitis, but not LPS-induced sepsis, results in 

differential local responses to intestinal S. epi-2W.  

 

Additionally, we asked whether intestinal colonization of S. epi-2W during colitis 

could result in alterations in the gut microbiota. To test this, we performed bacterial 16s 

rRNA sequencing on stool samples obtained from the colon of control and DSS-treated 

mice at day 10 of the S. epi-2W re-challenge period. In addition to significant changes in 
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microbial diversity (Fig. 2.9A) and notable differences in microbial composition (Fig. 

2.9B), there were alterations in specific members of the community. Bacteria from the 

genus Bacteroides were substantially enriched in DSS-treated mice while those from 

the genus Alloprevotella were underrepresented (Fig. 2.9C). These results suggest that 

increased intestinal presence of S. epi-2W is not only directly leading to immune 

activation, but also influencing other potential host-microbe interactions through 

alterations in the surrounding microbial community. 

 

To begin investigating the role of adult re-exposure to S. epi-2W in the altered 

antigen-specific CD4+ T cell response, we performed two types of pilot experiments. In 

the former, we challenged WT mice in adulthood with S. epi-2W plus tape-stripping 

without prior neonatal colonization with S. epi-2W (Fig. 2.10A). There were no 

differences in either the antigen-specific or polyclonal Treg response in the skin-draining 

LN (Fig. 2.10B and C), indicating either the limitation of studying minimal antigen-

specific Treg percentages in this model, which remains to be elucidated, or the 

importance of neonatal exposure and subsequent adult re-exposure to S. epi-2W. 

Intriguingly, this could mean that gut antigen-specific T cell populations, in conjunction 

with the intestinal S. epi-2W niche, aren't established in this adult-only context to elicit 

the potential mechanism of T cell trafficking, as will be discussed in the next section. 

 

As a complementary approach, we tested whether re-exposure to the relevant 

antigen (2W) provided by a different commensal microbe (Staphylococcus hominis) 

would be sufficient in altering the cutaneous antigen-specific response. WT mice 
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colonized on postnatal days 7, 10, and 13 with S. epi-2W were alternatively re-

challenged in adulthood with S. hominis-2W and tape-stripping during DSS treatment 

(Fig. 2.11A). Unlike what was seen upon re-challenge with S. epi-2W, there were no 

differences in the antigen-specific Treg response in the skin-draining and gut-draining 

LN upon re-challenge with a different commensal with the same 2W antigen (Fig. 2.10B 

and C), suggesting either a specific role for S. epidermidis pathogenesis during colitis or 

its re-expansion from neonatal seeding, both of which would largely not be possible 

without re-exposure to the same microbe. 

 

2.2.4 Colitis enhances trafficking of intestinal T cells to the skin-draining LN 

during skin re-challenge with S. epidermidis 

The increase with DSS in intestinal S. epi-specific CD4+ T cells and their parallel 

skewing toward an effector rather than regulatory T cell response prompted us to 

examine the possibility that trafficking of CD4+ cells from gut to skin might contribute to 

the altered cutaneous S. epi-specific response during colitis. To explore this possibility, 

we first sought to answer whether colitis led to accumulation in the skin-draining LN of 

CD4+ T cells reactive to gut bacteria. For this, we employed an in vitro APC-T cell co-

culture assay to measure antigen-specificity of skin-draining LN CD4+ T cells for gut 

microbial antigens. CD4+ T cells isolated from skin-draining LN of DSS-treated or 

control mice were labelled with cell trace dye and co-cultured with splenic antigen-

presenting cells (APCs) pulsed with stool from DSS-treated WT SPF mice (Fig. 2.12A). 

After 48 hours their proliferation in response to these gut microbial antigens was 

assessed by using flow cytometry to measure tracer dye dilution. Strikingly, skin-
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draining LN CD4+ T cells from DSS-treated mice showed significantly increased 

proliferation in response to stool antigen as compared to donor cells from control mice 

(Fig. 2.12B). This difference was not elicited either in the absence of stool antigen or in 

response to the irrelevant antigen ovalbumin (OVA) (Fig. 2.13A), suggesting enhanced 

reactivity to gut microbes rather than non-specific cell proliferation. 

 

As DSS-induced colitis results in an excess of systemically circulating gut 

microbial antigen (Eichele and Kharbanda, 2017), this result could reflect either 

migration of CD4+ T cells from gut to skin-draining LN or local expansion in the skin-

draining LN of gut-microbe responsive T cells. To more specifically test our hypothesis 

regarding CD4+ T cell migration, we turned to an adoptive transfer model to measure 

the trafficking properties of intestinal CD4+ T cells from DSS-treated vs. control mice. To 

generate and re-expand the intestinal S. epi-specific CD4+ T cell compartment, WT 

donor mice were colonized as neonates with S. epi-2W and then re-challenged as 

adults with skin-tape stripping with or without DSS. Total CD4+ T cells were then 

isolated from the gut-draining LN at day 7 post-DSS initiation and adoptively transferred 

i.p. into congenic Thy1.1 recipient mice that also received S. epi-2W colonization in 

conjunction with tape-stripping (Fig. 2.12C). To account for variable efficiency of each 

adoptive transfer, both skin-draining LN and spleen were harvested 48 hours post-

transfer and the relative accumulation of intestinal CD4+ T cells at these sites was 

measured by flow cytometry. Consistent with colitis inducing increased skin-homing 

capacity among gut-draining LN T cells, donor CD4+ T cells from DSS-treated mice 
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showed increased accumulation in skin-draining LN over spleen compared to cells from 

healthy control donors (Fig. 2.12D).  

 

Unfortunately, small numbers of 2W-specific CD4+ T cells in our transferred 

polyclonal populations precluded us from assessing antigen-specificity in this 

experimental set-up. We therefore performed complementary adoptive transfer 

experiments using a newly engineered strain of S. epidermidis expressing the 

ovalbumin antigen (S. epi-OVA) and OT-II TCR-transgenic OVA-specific CD4+ T cells. 

CD45.1+ OT-II mice were pre-colonized with S. epi-OVA during the neonatal period and 

then re-colonized as adults along with skin tape-stripping. On day 7 post-challenge, total 

OT-II CD4+ T cells were isolated from the gut-draining LN of DSS-treated or control OT-

II mice and adoptively transferred via intraperitoneal injection into S. epi-OVA naïve 

CD45.2+ WT recipients. Recipients then received S. epi-OVA skin colonization and 

tape-stripping in tandem with DSS-induced colitis to recapitulate the inflammatory 

environment in which these T cells would reside. Here, we extended the post-transfer 

period to 1 week before harvesting skin-draining LN and spleen to allow for maximal 

antigen exposure and compared trafficking (Fig. 2.12E). Intriguingly in this model, we 

also found that CD4+ T cells from DSS-treated OT-II donors showed increased 

recruitment to skin-draining LN over spleen compared to CD4+ T cells from control OT-II 

donors (Fig. 2.12F). These results suggest that colitis can induce differential trafficking 

properties among bacteria-specific CD4+ T cells in the presence of persisting colitis-

driven signals.  
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 Next, to more directly test whether trafficking occurs from gut to skin in our 

model, we monitored the movement of endogenous immune cells in vivo using 

transgenic mice which express the green-to-red photoconvertible protein Kikume Green 

(KikGr). Upon exposure to near-UV light (436 nm), the fluorescence of photoconverted 

KikGr cells changes from green to red. No immunomodulatory effects have been 

reported in the KikGr photoconversion model (Nowotschin and Hadjantonakis, 2009), 

allowing us to use this technique on mice during DSS-induced colitis and skin bacterial 

challenge. To trace movement of intestinal CD4+ T cells to the skin-draining LN, we 

performed laparotomy and photoconversion of the externalized intestines and gut-

draining LN in DSS or control SPF mice on day 6 of S. epi-2W skin re-challenge. We 

confirmed that photoconversion of CD45+ cells in this set-up was indeed limited to the 

intestinal tract by verifying the presence of KikRed+ cells in gut-draining LN but not 

spleen or skin-draining LN 30 minutes post light exposure (Fig. 2.13B). Skin-draining 

LN, skin, gut-draining LN, small intestinal and colonic LP (Fig. 2.13C), and spleen were 

harvested 24 hours later and the number of photoconverted cells was enumerated at 

each site (Fig. 2.12G). Absolute numbers of trafficked KikRed+ CD45+ cells in the skin-

draining LN of DSS versus control mice were not increased, and possibly reduced, at 

this early timepoint (Fig. 2.13D). However, when we measured the propensity for gut to 

skin cell trafficking among individual cell subsets by calculating the ratio of KikRed+ cells 

in the skin-draining LN compared to those in the gut-draining LN, we found enrichment 

of gut-derived T cells, especially CD4+ T cells, but not CD11c+MHCII+ antigen-

presenting cells in the skin-draining LN of DSS-treated mice (Fig. 2.12H). This 

enrichment of gut-derived CD4+ T cells was not seen in the spleen (Fig. 2.12I), 
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supporting the notion that colitis preferentially induces direct trafficking of CD4+ T cells 

from gut to skin-draining LN during concurrent skin challenge with commensal bacteria.  

 

 As these results supported trafficking of CD4+ T cells during colitis, we then 

proceeded to ask whether blocking lymphocyte circulation during the challenge phase of 

our model would alter quality of the S. epi-2W response in the skin-draining LN. To 

answer this, we transiently blocked lymphocyte egress from secondary lymphoid organs 

in our model by using the sphingosine-1-phosphate receptor antagonist, FTY720 

(Matloubian et al., 2004). WT mice were pre-colonized with S. epi-2W during the 

neonatal period, then split into three groups. One group of mice was given water and 

injected i.p. with PBS, another group was given DSS and injected with PBS, and a third 

group was given DSS and injected with FTY720 (Fig. 2.12J). As in previous 

experiments (Fig. 2.4A), DSS-treated mice had a decreased percentage of Tregs 

among S. epi-2W specific cells in the skin-draining LN compared to controls. However, 

FTY720 treatment during the 10-day re-challenge period reverted this phenotype to a 

2W+ Treg percentage comparable to controls (Fig. 2.12K). An accompanying increase 

in the percentage of polyclonal Tregs in the skin-draining LN of FTY720 and DSS-

treated mice was also seen, possibly reflecting restricted movement of other non-2W-

specific microbe-specific T cells (Fig. 2.12L). Cumulatively, these experiments support 

a central role for colitis-induced gut-to-skin trafficking of CD4+ T cells in the altered 

response to skin commensal bacteria. 
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2.2.5 Colitis-driven IL-1R1 signaling on CD4+ T cells alters antigen-specific 

tolerance to S. epidermidis 

Having identified that trafficking of CD4+ T cells from gut to skin contributes to 

colitis-induced alteration in the cutaneous response to S. epi-2W, we next sought to 

understand the molecular mechanisms that underlie skewing of this commensal-specific 

response towards effector CD4+ T cells and away from Tregs. Based on literature 

implicating IL-1α and IL-1β in pathogenesis of DSS-induced colitis and human IBD 

(Ligumsky et al., 1990) as well as in neutrophilic dermatoses (Marzano et al., 2019), we 

chose to explore the role of these two members of the IL-1 cytokine family in our model.  

 

As anticipated, levels of IL-1β were increased significantly in the serum and 

modestly in the skin of DSS-treated mice during active colitis and concurrent skin 

challenge (Fig. 2.14A and B). In parallel, there was only a modest increase in serum 

and tissue levels of IL-1α in DSS-treated vs. control mice (Fig. 2.14C). This result, in 

conjunction with our prior work showing that IL-1β reduces the percentage of 

commensal-specific Tregs generated following neonatal skin colonization (Leech et al., 

2019), led us to postulate that these colitis-induced cytokines were involved in skewing 

the response to S. epi-2W in the colon, and by extension the skin. Due to the 

importance of IL-1 signaling in initiating gut inflammation via myeloid cell activation, we 

opted to forgo experiments in Il1r1-/- mice which have been shown to demonstrate 

altered disease severity during DSS-induced colitis (González-Navajas et al., 2010). 

Instead, we focused our investigation on Il1r1fl/fl CD4-CreTg+ mice in which IL-1 signaling 
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is deleted specifically in ab T cells, a cell type dispensable for development of acute 

DSS-induced colitis.  

 

Given that previous work has shown a T cell-intrinsic role for IL-1 signaling in 

CD4+ T cell expansion, Th17 differentiation (Basu et al., 2015; Chung et al., 2009), and 

“licensing” of effector function (Ben Sasson et al., 2009; Jain et al., 2018) we 

hypothesized that excess IL-1α and IL-1β during colitis was skewing the commensal-

specific CD4+ response towards an effector rather than Treg phenotype. To test this, we 

colonized Il1r1fl/fl Cd4-CreTg+ (Cre+) and Il1r1fl/fl Cd4-CreTg- (Cre-) littermates with S. epi-

2W during neonatal life before re-challenging them as adults with S. epi-2W plus tape-

stripping either with or without concurrent DSS-induced colitis (Fig. 2.14D). In the 

absence of colitis, where IL-1α and IL-1β levels were low, Cre+ and Cre- mice 

demonstrated equivalent percentages of commensal-specific Tregs in the skin-draining 

LN, which were comparable to that seen in WT control mice. In contrast, during DSS-

induced colitis the percentage of S. epi-2W Tregs was rescued in Cre+ mice but 

remained low in Cre- controls (Fig. 2.14E). This restored commensal-specific Treg 

percentage in Cre+ mice was accompanied by reduced absolute numbers of 2W-specific 

effector CD4+ T cells in the skin-draining LN (Fig. 2.14F), whereas numbers of 2W-

specfic Tregs were equivalent between the two groups (Fig. 2.14G). Notably, these 

differences in Treg percentage and effector T cell numbers did not extend to the 

polyclonal CD4+ population in the skin-draining LN (Fig. 2.14H-J). Importantly, 

abrogated IL-1R signaling in CD4+ T cells also reverted the increase IL-17A+ CD4+ T 

cell and neutrophil populations in skin normally seen in our DSS colitis model (Fig. 
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2.14K-L). These results suggest that IL-1 signaling in CD4+ T cells, stimulated by colitis-

precipitated elevations in circulating IL-1α and IL-1β levels, plays a role in expanding 

commensal-specific T effectors which then alters the gut and skin immune responses to 

S. epi-2W during colitis.  

 

Mild skin injury through tape-stripping induces increased expression of pro-

inflammatory cytokines such as IL-6 and IL-17A (Gregorio et al., 2010). To further 

characterize additional signals that are modulating the cutaneous immune response S. 

epi-2W during colitis, we tested whether the method of re-challenge could be playing a 

role. Neonatally-colonized WT mice were re-challenged with S. epi-2W either with or 

without tape-stripping during DSS treatment. Unexpectedly, DSS-treated mice which 

received skin colonization with S. epi-2W in the absence of tape-stripping failed to skew 

the antigen-specific Treg response, mimicking the phenotype of tape-stripped control 

mice (Fig. 2.15A) while the polyclonal response remained unchanged (Fig. 2.15B).  

Although these results warrant further investigation, they suggest the potential role of 

mild skin injury in eliciting local signals in the skin that enhance the ability of colitis-

driven inflammation to influence a distal tissue. In addition to enhanced production of IL-

1 proteins in our model, we also saw increased levels of IL-6, CXCL1, and IL-7 in serum 

and skin tissues of DSS-treated mice (Fig. 2.16A-C), suggesting the presence of other 

immune signaling pathways that could be contributing to our findings.  
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2.2.6 Corroborating evidence for the influence of intestinal inflammation and 

altered microbial communities on skin T cell responses 

 Although we were able to show the mechanisms by which intestinal inflammation 

could alter established immunity to a specific skin microbe, there remains the question 

of whether similar findings could be observed in a broader setting. Gnotobiotic mice are 

an excellent tool for studying the direct contribution of specific microbes in immune 

responses, as evidenced by the striking increase in cutaneous IL-17A producing γδ T 

cells upon mono-colonization with the skin commensal Corynebacterium accolens 

(Ridaura et al., 2018).  

Since our own study was limited to the use of specific pathogen-free (SPF) mice, 

we sought out ongoing experiments where we could further investigate the extent of the 

“gut-skin axis”. Fortunately, we were able to obtain skin samples from gnotobiotic mice 

undergoing intestinal colonization and DSS-induced inflammation in a now-published 

study (Nayak et al., 2021). Skin samples were harvested from two groups of germ-free 

mice that each received oral gavage of stool from either patient donor “M0” or donor 

“M1” and further separated into control and DSS-treated groups.  

Although minimal skin colonization may occur in this setting as mice are 

constantly exposed to microbes in the cage environment, we found supporting evidence 

that intestinal-focused inflammation and differences in microbial composition result in a 

marked difference in skin immune responses. These responses seemed to be targeted, 

as we found differences in IL-13 and IL-17A-producing, but not IFNγ-producing, T cell 

populations. These differences in cytokine-producing T cell populations were more 
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pronounced when directly comparing control and DSS-treated groups (Fig. 2.17), 

highlighting the role of intestinal inflammation as a major driving force. These results 

provide corroborating evidence for the “gut-skin” phenomenon we observed, as there 

were differences in the cutaneous T cell response of gnotobiotic mice in a separate 

study focused on intestinal phenotypes and even devoid of additional skin perturbation. 
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Whereas previous work examining commensal-specific responses in the 

intestinal tract and skin have focused on these tissues separately, here, we provide 

evidence that intestinal inflammation can impact the quality of the adaptive immune 

responses to commensal bacteria in the skin. For mice in which adaptive immune 

tolerance to S. epidermidis had been established during infancy, DSS-induced colitis 

but not LPS-triggered sepsis resulted in reduced S. epidermidis-specific Tregs and 

increased skin inflammation during adulthood skin re-challenge. This phenomenon was 

accompanied and likely supported by the increased intestinal numbers of S. epidermidis 

and S. epidermidis-specific CD4+ T cells during colitis, in tandem with colitis-induced 

extra-intestinal lymphocyte trafficking. Importantly, IL-1 signaling in T cells proved key to 

reducing the frequency of S. epidermidis-specific Tregs, providing evidence into how 

established immune responses to resident microbes can be disrupted in adulthood. 

Collectively, these results identify a context in which there is breakdown in the normal 

homeostatic compartmentalization of skin and gut host-microbe interactions and provide 

mechanistic insight into observed connections between inflammatory skin and intestinal 

disease.  

 

It is established that host-microbe interactions in the intestinal tract can generate 

T cell pools that can contribute to inflammation in distal sites. For example, increased 

Th17 responses to intestinal microbes have been shown to facilitate pathology in 

models of autoimmune disease including arthritis, uveitis and nephritis (Wu et al. 2010, 

Horai et al. 2015, Krebs et al. 2016). While the three tissues affected in these studies—

joint, eye, and kidneys—are not heavily-colonized by microbes, we examined the 
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connection between the intestinal tract and skin, which both harbor large and diverse 

microbial communities capable of influencing host immunity. The concept of linked gut 

and skin dysbiosis has been a topic of conjecture as relates to disease pathogenesis 

(De Pessemier et al. 2021; O'Neill et al., 2016; Salem et al., 2018). However, the few 

studies that have tackled the mechanistic connection between immunity at these two 

barrier sites have focused on anaphylaxis and allergy (Leyva-Castillo et al. 2019, 

Oyoshi et al. 2011, Rigoni et al. 2020). In contrast, our work emphasizes the role of 

intestinal-driven inflammation as a trigger for altered antigen-specific responses to skin 

bacteria.  

 

Intestinal colonization by S. epidermidis and generation of a S. epidermidis-

specific CD4+ response in the colon were key features of our model. S. epidermidis is 

classically a commensal skin microbe in humans but can also colonize the infant 

intestinal tract as a founding member (Adlerberth et al. 2006) in part through breast milk 

seeding (Jiménez et al., 2008). Even though S. epidermidis is excluded from the gut 

with increasing age, its presence during a critical window of immune education may 

facilitate establishment a largely tolerogenic intestinal memory CD4+ T cell pool (Knoop 

et al., 2018), matching that seen in skin (Scharschmidt et al., 2015). We found that 

intestinal levels of S. epidermidis increased during colitis, consistent with its ability to 

adapt and bloom under certain inflammatory conditions (Garcia-Gutierrez et al., 2020). 

The total burden of intestinal S. epidermidis was likely augmented in our model by the 

skin re-colonization we performed in parallel with DSS administration, and this may 

have further intensified the degree of CD4+ clonal sharing between the two barrier sites. 
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Even so, these studies demonstrate the principle that overlap in microbial species or 

immune epitopes across barrier tissues in early life can support later immune-cross 

reactivity and, in the right context, inter-connected pathology.  

 

The role for T cell trafficking from the intestinal tract in our model builds on other 

work demonstrating that systemic dissemination of intestinal T cells can augment 

immune-mediated disease at distant sites (Krebs et al., 2016; Morton et al., 2015). 

Although not yet fully defined, we suspect that the T cell trafficking we observed was the 

result of altered chemokine receptor expression re-directing intestinal-homing T cells to 

the skin, as has been shown previously in a mouse model of food allergy and skin 

inflammation (Oyoshi et al., 2011). Additionally, there remains the possibility that some 

degree of movement is antigen-dependent, i.e., that re-expanded, intestinal S. 

epidermidis-specific CD4+ cells enter the circulation and are drawn specifically to skin-

draining lymphoid tissue based upon recognition of cognate bacterial antigen. While of 

significant interest, these two possibilities remain challenging to fully disentangle.   

 

Our findings also support the concept of contextual pathogenicity, i.e., that a 

combination of host and microbial factors impact the immunomodulatory properties of a 

given skin bacteria, such as S. epidermidis (Chen et al., 2018; Flowers and Grice, 

2020). While normally viewed as a skin mutualist (Harrison et al., 2019; Lai et al, 2010), 

S. epidermidis can turn pathologic when it becomes bloodborne in an at-risk host. In 

specific situations, commensal bacteria can also elicit excessive inflammation even 

when in their preferred body niche. This has been well demonstrated for gut bacteria, 
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including Bacteroides thetaiotaomicron (Bloom et al., 2010), Helicobacter hepaticus 

(Chow et al., 2011; Xu et al., 2018), and Prevotellaceae spp. (Elinav et al., 2011), as 

well as to a lesser extent for skin strains (Gimblet et al., 2017; Kobayashi et al., 2015). 

In our model, several factors likely contributed to the altered, pro-inflammatory CD4+ 

response to S. epidermidis, including breach of the intestinal barrier, increased S. 

epidermidis intestinal abundance during colitis and local disruption of skin homeostasis 

through tape-stripping. While studies looking for a role of the skin microbiome in disease 

have often focused on shifts in bacterial community composition that accompany flares 

(Byrd et al., 2018), our data emphasize that a change in the host immune response to a 

given microbe can be just as instrumental.  

 

Fully elucidating the various factors that “flip” the immune response to resident 

skin bacteria will be important for understanding the full spectrum of microbiome-driven 

skin disease. Specific areas of immediate interest include IL-1β and related 

inflammasome pathways, which are already implicated in human IBD (Ligumsky et al., 

1990), models of murine colitis (Arai et al., 1998; Elinav et al., 2011; McEntee et al., 

2019; Seo et al., 2015), neutrophilic dermatoses (Lukens et al., 2013; Marzano et al., 

2019) and a host of other skin disorders (Sá et al., 2016). In this study, we found IL-1β 

and to a lesser extent IL-1α increased in the skin as well as serum of S. epidermidis-

challenged DSS-treated mice. The reduction in the percent of S. epidermidis-specific 

Tregs in tandem with an increase in IL-1β are reminiscent of our prior work 

demonstrating that this cytokine helps shape the differential responses to skin bacterial 

“friend” versus “foe” during neonatal priming (Leech et al., 2019). Here, we illustrate that 
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IL-1R1 signaling specifically on T cells is important for the altered commensal-specific 

response and that this pathway can play a role in tuning the quality of memory as well 

as the primary CD4+ response. Like others (Harrison et al., 2019), we observed that S. 

epidermidis-specific CD4+ Teffs are enriched for IL-17A production. Thus, T-cell intrinsic 

IL-1R1 signaling during colitis in our model likely serves to tip the balance away from 

Tregs in favor of Th17, either by promoting Th17 re-expansion or contributing to Treg 

instability and conversion.  

 

Collectively, our results offer interesting implications for the etiology of 

neutrophilic dermatoses, especially those associated with underlying IBD. Although the 

role of innate immunity is well-established in these diseases, isolated targeting of IL-

1R1 is only intermittently effective and usually T cell-directed therapies, such oral 

steroids, tumor-necrosis-factor-inhibitors or IL-12/IL-23 blockade, are required for 

disease control (Menghini et al., 2019). As we show here, this may reflect the 

involvement of commensal-specific T cells that contribute to skin pathology. While 

elective skin biopsy of neutrophilic dermatoses is challenging due to the concern for 

pathergy, any opportunity to examine shared clonality of skin and intestinal T cells in 

patients with IBD-driven disease would be of high interest to the field moving forward. 

Likewise, therapies aimed at specifically correcting commensal-specific T cell 

responses at either barrier site represent an avenue for future therapeutic research and 

development.   
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Figure 2.1. Acute intestinal inflammation alone does not alter the cutaneous T cell response. 
A. Reduced colon length as a feature of disease in the DSS colitis model without skin re-challenge with 

S. epi-2W in the context of superficial skin abrasion (tape-stripping). 
B. Gating strategy for IL-17A+Foxp3-CD4+ T cells in skin. 
C. Percentage of Foxp3+ T cells as gated on CD4+CD8- T cells in skin dLN and skin. 
D. Percentage of CD4+ T cells as gated on TCRβ+ in skin dLN and skin. 
E. Percentage of IL-17A+ cells as gated on Foxp3-CD4+ T cells in skin dLN and skin.  
F. Percentage of IFNγ+ cells as gated on Foxp3-CD4+ T cells in skin dLN and skin.  
Each point represents an individual mouse. All data above are representative of two independent 
experiments with at least two mice per group. P values correlate with symbols as follows: ns = not 
significant, p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.2. Mild skin injury enhances minimal alterations in the cutaneous myeloid response 
during acute colitis. 
A. Gating strategy for different monocyte and macrophage subsets from Live CD45+ cells in skin of 

DSS-treated mice without skin re-challenge with S. epi-2W and tape-stripping3. 
B. Percentage and absolute numbers of skin CCR2+ monocytes gated on Ly6C+ and CD64+ cells from 

colon LP and skin. 
C. Percentage of CD11b+ Ly6G+ cells gated on Live CD45+ in skin without tape-stripping and S. epi-2W 

re-challenge (left) or with tape-stripping, but without skin S. epi-2W re-challenge (right). 
Each point represents an individual mouse. All data above are representative of one to two independent 
experiments with at least two mice per group. P values correlate with symbols as follows: ns = not 
significant, p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.3. Intestinal inflammation and skin re-challenge with S. epidermidis alters the intestinal 
and skin-draining LN myeloid compartments. 
A. Absolute numbers of CD11b+Ly6C+ monocytes in colon LP, skin dLN, and skin of control or DSS-

treated mice during skin re-challenge with S. epi-2W in the context of superficial skin abrasion (tape-
stripping).  

B. Absolute numbers of CD64+CD11c- macrophages in the same tissues as above. 
C. Absolute numbers of CD11b+Ly6G+ neutrophils in colon LP, skin dLN, and skin of control or DSS-

treated mice during skin re-challenge with S. epi-2W.  
D. Absolute numbers of CD11c+CD64- conventional DCs in colon LP, skin dLN, and skin of control or 

DSS-treated mice during skin re-challenge with S. epi-2W and tape-stripping.  
Each point represents an individual mouse. All data above are representative of two independent 
experiments with at least two mice per group. P values correlate with symbols as follows: ns = not 
significant, p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.4. Acute intestinal inflammation alters the cutaneous immune response to S. epidermidis. 
A. WT mice were colonized with S. epi-2W on postnatal days 7, 10, and 13 before induction of DSS 

colitis and skin re-challenge with S. epi-2W in the context of superficial skin abrasion (tape-stripping) 
three weeks later.  

B. Increased weight loss as a feature of disease in the DSS colitis model.  
C. Reduced colon length as a feature of disease in the DSS colitis model.  
D. Gating strategy for Foxp3+2W+CD44+CD4+ T cells in skin dLN. 
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E. Representative flow cytometry plots of 2W+CD44+ cells gated on Live CD45+DUMPnegTCRβ+CD4+ 
from a tetramer-enriched fraction (top) and representative flow cytometry plots of Foxp3+ cells gated 
on 2W+CD44+ (bottom) in skin dLN from either control or DSS-treated mice on day 10 of the re-
challenge phase.  

F. Percentage (left) and absolute numbers (right) of 2W+CD44+CD4+ T cells in skin dLN.  
G. Percentage (left) and absolute numbers (right) of 2W+CD44+CD4+ T cells in skin.  
H. Percentage of Foxp3+2W+CD44+CD4+ T cells in skin dLN (left) and skin (right). 
I. Percentage of Foxp3+CD4+ T cells in skin dLN (left) and skin (right).  
J. Percentage of Ly6G+CD11b+ cells gated on live CD45+ in skin. 
K. Percentage of IL-17A+, IFNγ+, and IL-13+ cells gated on Live CD45+CD3+GL3-TCRβ+CD4+Foxp3- in 

skin.  
Each point represents an individual mouse. All data above are representative of two to four independent 
experiments with at least three mice per group. P values correlate with symbols as follows: ns = not 
significant, p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.5. Alternative colitis models support the role of intestinal inflammation in altering the 
cutaneous antigen-specific CD4+ T cell response to S. epidermidis. 
A. Villin-Cre+ and Villin-Cre- mice were colonized with S. epi-2W on postnatal days 7, 10, and 13 before 

intraperitoneal tamoxifen injection and re-challenge with S. epi-2W in conjunction with tape-stripping 
three weeks later. 

B. Increased weight loss as a feature of disease in the A20 ABIN-1 colitis model. 
C. Reduced colon length as a feature of disease in the A20 ABIN-1 colitis model. 
D. Percentage of 2W+CD44+CD4+ T cells in skin dLN. 
E. Absolute numbers of 2W+CD44+CD4+ T cells in skin dLN.  
F. Percentage of Foxp3+2W+CD44+CD4+ T cells in skin dLN. 
G. Percentage of Foxp3+CD4+ T cells in skin dLN. 
H. WT mice were colonized with S. epi-2W on postnatal days 7, 10, and 13 before induction of chronic 

DSS colitis for three weeks in adulthood. Skin re-challenge with S. epi-2W in the context of superficial 
skin abrasion (tape-stripping) was performed in the third and last 10-day cycle of DSS colitis.  

I. Percentage of Foxp3+2W+CD44+CD4+ T cells in skin dLN. 
Each point represents an individual mouse. All data above are representative of two to three independent 
experiments with at least two mice per group. P values correlate with symbols as follows: ns = not 
significant, p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.6. Prior acute intestinal inflammation has a persisting effect on T cell responses to 
subsequent skin re-challenge with S. epidermidis. 
A. WT mice were colonized with S. epi-2W on postnatal days 7, 10, and 13 before induction of DSS 

colitis three weeks later. Skin re-challenge with S. epi-2W in the context of superficial skin abrasion 
(tape-stripping) was performed another three weeks post-colitis induction. 

B. Percentage of Foxp3+2W+CD44+CD4+ T cells in skin dLN. 
C. Absolute numbers of Foxp3-CD4+ T cells in skin dLN. 
D. Absolute numbers of Foxp3+CD4+ T cells in skin dLN. 
E. Absolute numbers of Ly6G+CD11b+ cells gated on live CD45+ in skin dLN. 
Each point represents an individual mouse. All data above are representative of one pilot experiment with 
at four to five mice per group. P values correlate with symbols as follows: ns = not significant, p > 0.05, * 
p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.7. Acute systemic inflammation alone does not alter the cutaneous antigen-specific CD4+ 
T cell response to S. epidermidis. 
A. WT mice were colonized with S. epi-2W on postnatal days 7, 10, and 13 before one i.p. injection with 

LPS (2 mg/kg) and re-challenge with S. epi-2W three weeks later.  
B. Increased weight loss as a feature of disease in the LPS sepsis model. 
C. Percentage of Ly6G+CD11b+ cells gated on Live CD45+ in spleen. 
D. Percentage of Ly6G+CD11b+ cells gated on Live CD45+ in skin dLN. 
E. Percentage of 2W+CD44+CD4+ T cells in skin dLN. 
F. Absolute numbers of 2W+CD44+CD4+ T cells in skin dLN. 
G. Percentage of Foxp3+2W+CD44+CD4+ T cells in skin dLN. 
H. Percentage of Ly6G+CD11b+ cells gated on Live CD45+ in skin. 
I. Percentage of Foxp3+2W+CD44+CD4+ T cells in skin dLN in mice receiving three i.p. injections with 

LPS (1 mg/kg) and re-challenge with S. epi-2W.  
J. Percentage of Foxp3+2W+CD44+CD4+ T cells in skin dLN (left) and spleen (right) in mice receiving 

three i.p. injections with LPS (1 mg/kg) mixed with heat-killed S. epi-2W during re-challenge with      
S. epi-2W.  

Each point represents an individual mouse. All data above are representative of three independent 
experiments with two to three mice per group (except for spleen pilot in 2.7J). P values correlate with 
symbols as follows: ns = not significant, p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.8. Acute intestinal inflammation, but not systemic inflammation, alters local colonization 
of and antigen-specific CD4+ T cell response to S. epidermidis. 
A. Representative flow cytometry plots of 2W+CD44+ cells gated on Live CD45+CD3+GL3-TCRβ+CD4+ in 

colon lamina propria (LP) (top), or on Live CD45+DUMPnegTCRβ+CD4+ in a tetramer-enriched fraction 
from gut dLN (bottom) of 24-day old mice colonized with S. epi-2W on postnatal days 7, 10, and 13. 

B. Representative flow cytometry plots of 2W+CD44+ cells gated on Live CD45+CD3+GL3-TCRβ+CD4+ in 
colon lamina propria (LP) from either adult control (top) or DSS-treated mice (bottom) on day 10 of 
the re-challenge phase.  

C. (Left) Representative sections of colon from 21-day old mice colonized with S. epi-2W on postnatal 
days 7, 10, and 13. Tissues were plated on TSA with erythromycin to show growth of S. epi-2W 
mCherry. (Right) Absolute numbers of colony forming units (CFUs) in stool obtained directly from 
colon of adult mice from control or DSS-treated groups. 

D. Absolute numbers of CD4+ T cells in colon LP from control or DSS-treated groups. 
E. Absolute numbers of 2W+CD44+CD4+ T cells in colon LP from control or DSS-treated groups. 
F. Absolute numbers of CD4+ T cells in gut dLN from control or DSS-treated groups. 
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G. Absolute numbers of 2W+CD44+CD4+ T cells in gut dLN from control or DSS-treated groups. 
H. Percentage of Foxp3+2W+CD44+CD4+ T cells in gut dLN from control or DSS-treated groups. 
I. Percentage of Foxp3+CD4+ T cells in gut dLN from control or DSS-treated groups. 
J. Absolute numbers of CD4+ T cells in gut dLN from control or LPS-injected groups. 
K. Absolute numbers of 2W+CD44+CD4+ T cells in gut dLN from control or LPS-injected groups. 
L. Percentage of Foxp3+2W+CD44+CD4+ T cells in gut dLN from control or LPS-injected groups. 
M. Percentage of Foxp3+CD4+ T cells in gut dLN from control or LPS-injected groups. 
Each point represents an individual mouse. All data above are representative of at least two independent 
experiments with at two or three mice per group. P values correlate with symbols as follows: ns = not 
significant, p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.9. Intestinal inflammation and skin re-challenge with S. epidermidis alters the 
composition of intestinal microbial communities. 
A. Richness is the number of different taxa (greater richness equals more taxa). Analysis of Variance 

(ANOVA) comparison was performed using the richness measure as represented here and two other 
measures (equitability and phylogenetic diversity, not shown). Alpha-diversity for all three measures 
significantly varies between control and DSS (colitis) groups. 

B. Permutational Analysis of Variance (PERMANOVA) was used on a variety of different distance 
matrices, including weighted (accounting for abundance of taxa) UniFrac, a measure of phylogenetic 
relatedness. The values in the R^2 column indicate the proportion of variance explained by the 
Disease Status, and the p-value indicates whether the comparison was statistically significant. If 
Disease Status explained a significant proportion of variance, a PCoA plot is produced. In this plot, 
each dot is a sample, and the distance between two samples is a reflection of their similarity. 
Samples closer together are more similar while samples further apart are compositionally more 
distinct. For Weighted UniFrac, PERMANOVA analysis found R^2 >70% of statistically significant 
variance in the microbiome due to disease status, as indicated by the r-squared value. The variance 
explained is significant (p<0.01). 

C. Significant enrichment of OTUs was determined using DESeq2. Raw count data were normalized by 
accounting for effect size prior to differential abundance calculations based on the negative binomial 
Wald test; p-values were adjusted by using the Benjamini-Hochberg method for false discovery 
rate. (Highlighted in orange) Genus most significantly enriched in DSS colitis compared to control 
group: Bacteroides. (Highlighted in blue) Genus most significantly enriched in control compared to 
DSS colitis group: Alloprevotella.  
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Figure 2.10. Altered response to S. epidermidis during colitis is dependent  on neonatal 
colonization with S. epidermidis. 
A. WT mice remained uncolonized with S. epi-2W postnatally. Induction of DSS colitis and skin re-

challenge with S. epi-2W were performed three weeks later.  
B. Percentage of Foxp3+2W+CD44+CD4+ T cells in skin dLN from control or DSS-treated mice. 
C. Percentage of Foxp3+2W+CD44+CD4+ T cells in gut dLN from control or DSS-treated mice. 
Each point represents an individual mouse. All data above are representative of one pilot experiment with 
three to four mice per group. P values correlate with symbols as follows: ns = not significant, p > 0.05, * p 
≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.11. Re-challenge with another skin commensal, S. hominis, is not sufficient to alter the 
antigen-specific CD4+ T cell response during colitis. 
A. WT mice were colonized with S. epi-2W on postnatal days 7, 10, and 13. Induction of DSS colitis and 

skin re-challenge with S. hominis-2W were performed three weeks later.  
B. Percentage of Foxp3+2W+CD44+CD4+ T cells in skin dLN from control or DSS-treated mice. 
C. Percentage of Foxp3+2W+CD44+CD4+ T cells in gut dLN from control or DSS-treated mice. 
Each point represents an individual mouse. All data above are representative of two experiments with at 
least three mice per group. P values correlate with symbols as follows: ns = not significant, p > 0.05, * p ≤ 
0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.12. Acute intestinal inflammation alters trafficking of intestinal CD4+ T cells to skin-
draining LN in response to S. epidermidis re-challenge. 
A. Splenic antigen-presenting cells (APCs) were pulsed with stool and co-cultured with CellTrace™ 

Violet-labelled CD4+ T cells from skin dLN of DSS-treated or control mice. 
B. Proliferation was assessed by taking the CellTrace™ Violet negative population gated on live 

CD45+CD3+GL3-TCRβ+CD4+. Data is representative of one experiment with three individual mice per 
group. 

C. Total CD4+ T cells were obtained from gut dLN of either DSS-treated or control Thy1.2 mice at day 7 
of the re-challenge phase, then adoptively transferred (i.p.) into Thy1.1 recipients undergoing the 
same re-challenge. 

D. Ratio of Thy1.2+ cells among Live CD45+CD3+GL3-TCRβ+CD4+ in skin dLN vs. in spleen. 
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E. Total CD4+ T cells were obtained from gut dLN of either DSS-treated or control CD45.1 OT-II mice at 
day 7 of the re-challenge phase, then adoptively transferred (i.p.) into CD45.2 WT recipients 
undergoing primary skin challenge with S. epi-2W. 

F. Ratio of CD45.1+ cells among Live CD45+CD3+GL3-TCRβ+CD4+ cells in skin dLN vs. spleen. Each 
point represents an individual mouse. All data above are representative of one pilot experiment with 
three mice per group. 

G. KikGr mice were colonized with S. epi-2W on postnatal days 7, 10, and 13 before induction of DSS 
colitis and re-challenge with S. epi-2W in the context of superficial skin abrasion three weeks later. At 
day 7 of the re-challenge phase, laparotomy and photoconversion of intestinal tissue were performed 
in both groups. Tissues were collected 24 hours post-photoconversion. 

H. Ratio of CD45+ cell subsets among KikRed+ cells in skin dLN vs. among KiKRed+ cells in gut dLN.  
I. Ratio of CD4+ cells among KikRed+ cells in spleen vs. gut dLN. Each point represents an individual 

mouse.  
J. WT mice were colonized with S. epi-2W on postnatal days 7, 10, and 13 before induction of DSS 

colitis and re-challenge with S. epi-2W in the context of superficial skin abrasion three weeks later. 
One group of DSS-treated mice received i.p. injections of FTY720 and another group received i.p. 
injections of PBS every other day during the re-challenge phase. 

K. Percentage of Foxp3+2W+CD44+CD4+ T cells in skin dLN from control, DSS-treated and PBS-
injected, and DSS-treated and FTY720-injected groups. 

L. Percentage of Foxp3+CD4+ T cells in skin dLN from control, DSS-treated and PBS-injected, and DSS-
treated and FTY720-injected groups. 

Each point represents an individual mouse. All data from 2.12C-2.12L are representative of two to three 
independent experiments with at least two mice per group. P values correlate with symbols as follows: ns 
= not significant, p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.13. Gating strategies for in vitro and photoconversion experiments. 
A. Representative histograms of CellTrace™ Violet-negative (proliferating) CD4+ T cells in negative 

control samples (black and red) and test samples (blue and orange). 
B. Representative flow cytometry plots of KikRed+ (RFP+) cells among Live CD45+ in gut dLN, spleen, 

and skin dLN of KikGr+ mice that were unexposed (top) vs. exposed to violet light (bottom).  
C. Representative flow cytometry plots of KikRed+ (RFP+) cells among Live CD45+ in colon LP. 
D. Absolute numbers of KikRed+ (RFP+) Live CD45+ cells in skin dLN in control or DSS-treated mice. 
Each point represents an individual mouse. Data in 2.13D are representative of two independent 
experiments with at least two mice per group. P values correlate with symbols as follows: ns = not 
significant, p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
 



 64 

 

 
 
 
 



 65 

Figure 2.14. Colitis-driven IL-1 signaling to CD4+ T cells skews the cutaneous immune response to 
S. epidermidis. 
A. On day 4 of the re-challenge phase, serum and skin tissue were collected from control or DSS-

treated WT mice re-challenged with S. epi-2W. Samples were analyzed for IL-1 proteins via 
multiplexed ELISA. 

B. Concentration of IL-1β from serum and skin homogenates of control or DSS-treated mice on day 4 of 
the re-challenge period. 

C. Concentration of IL-1α from serum and skin homogenates of control or DSS-treated mice on day 4 of 
the re-challenge period. 

D. CD4-Cre+ and CD4-Cre- mice were colonized with S. epi-2W on postnatal days 7, 10, and 13 before 
DSS treatment and re-challenge with S. epi-2W three weeks later. 

E. Percentage of Foxp3+2W+CD44+CD4+ T cells in skin dLN from CD4-Cre+ and CD4-Cre- control or 
DSS-treated groups. 

F. Absolute numbers of Foxp3-2W+CD44+CD4+ T cells in skin dLN from DSS-treated groups. 
G. Absolute numbers of Foxp3+2W+CD44+CD4+ T cells in skin dLN from DSS-treated groups. 
H. Percentage of Foxp3+CD4+ T cells in skin dLN from control or DSS-treated groups. 
I. Absolute numbers of Foxp3-CD4+ T cells in skin dLN from control or DSS-treated groups. 
J. Absolute numbers of Foxp3+CD4+ T cells in skin dLN from control or DSS-treated groups. 
K. Percentage of IL-17A+ cells gated on Live CD45+CD3+GL3-TCRβ+CD4+Foxp3- in skin.  
L. Percentage of Ly6G+CD11b+ cells gated on live CD45+ in skin. 
Each point represents an individual mouse. All data above are representative of three to four independent 
experiments with at least three mice per group. P values correlate with symbols as follows: ns = not 
significant, p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.15. Mild skin injury is indispensable for inducing the altered cutaneous response to S. 
epidermidis  during colitis. 
WT mice were colonized with S. epi-2W on postnatal days 7, 10, and 13. Induction of DSS colitis and skin 
re-challenge with S. epi-2W, either with or without tape-stripping, were performed three weeks later.  
A. Percentage of Foxp3+2W+CD44+CD4+ T cells in skin dLN from control or DSS-treated mice. 
B. Percentage of Foxp3+CD4+ T cells in skin dLN from control or DSS-treated mice. 
Each point represents an individual mouse. All data above are representative of two experiments with at 
least three mice per group. P values correlate with symbols as follows: ns = not significant, p > 0.05, * p ≤ 
0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.16. Acute intestinal inflammation drives production of other cytokines and chemokines 
that can skew the T cell response during re-challenge with S. epidermidis. 
A. On day 4 of the re-challenge phase, serum and skin dLN homogenates were collected from control or 

DSS-treated WT mice re-challenged with S. epi-2W. Samples were analyzed for cytokines and 
chemokines via multiplexed ELISA. 

B. Concentration of IL-6 from serum and skin dLN homogenates of control or DSS-treated mice. 
C. Concentration of CXCL1 from serum and skin dLN homogenates of control or DSS-treated mice. 
D. Concentration of IL-7 from serum of control or DSS-treated mice. 
Each point represents an individual mouse. All data above are representative of two independent 
experiments with at least two mice per group. P values correlate with symbols as follows: ns = not 
significant, p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 2.17. Corroborating evidence for the influence of intestinal inflammation and microbial 
dysbiosis on skin T cell responses. 
A. Percentage of IFNγ+ cells gated on Live CD45+CD3+GL3-TCRβ+CD4+Foxp3- in skin. Gnotobiotic mice 

are separated into groups by patient stool donor (M0 or M1) and experimental treatment. 
B. Percentage of IL-13+ cells gated on Live CD45+CD3+GL3-TCRβ+CD4+Foxp3- in skin. Gnotobiotic mice 

are separated into groups by patient stool donor (M0 or M1) and experimental treatment. 
C. Percentage of IL-17A+ cells gated on Live CD45+CD3+GL3+ in skin. Gnotobiotic mice are separated 

into groups by patient stool donor (M0 or M1) and experimental treatment. 
D. Percentage of IFNγ+ cells gated on Live CD45+CD3+GL3-TCRβ+CD4+Foxp3- in skin. Gnotobiotic mice 

are separated into groups by experimental treatment. 
E. Percentage of IL-13+ cells gated on Live CD45+CD3+GL3-TCRβ+CD4+Foxp3- in skin. Gnotobiotic mice 

are separated into groups by experimental treatment. 
F. Percentage of IL-17A+ cells gated on Live CD45+CD3+GL3-TCRβ+CD4+Foxp3-  in skin. Gnotobiotic 

mice are separated into groups by experimental treatment. 
Each point represents an individual mouse. All data above are representative of two independent 
experiments with at least five mice per group. P values correlate with symbols as follows: ns = not 
significant, p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Experimental Model and Subject Details 

Experimental Animals 

Wild-type C57BL/6 mice were originally purchased from Jackson Laboratories 

(Bar Harbor, ME), then bred and maintained in the UCSF specific pathogen-free (SPF) 

facility on the Parnassus campus for use in experiments. Il1rfl/fl, Cd4-Cre, and 

CAG::KikGr (Kitamoto et al., 2020) mice were purchased from Jackson and bred in-

house. A20fl/fl, Abinfl/fl,  and Villin-CreERT2 mice were a gift from A. Ma. All animals were 7 

days to 10 weeks old at the time of experiments. Littermates of the same sex were 

socially housed under a 12 h light/dark cycle and randomly assigned to experimental 

groups whenever possible. Animal work was performed in accordance with the NIH 

Guide for the Care and Use of Laboratory Animals and the guidelines of the Laboratory 

Animal Resource Center and Institutional Animal Care and Use Committee of the 

University of California, San Francisco. 

 

Bacterial Strains and Culture Conditions 

Staphylococcus epidermidis (S. epi) strain Tü3298 (Allgaier et al., 1986; Augustin 

and Götz, 1990) was used in this study and grown in tryptic soy broth at 37ºC. Bacterial 

media was supplemented with 5 mg/mL erythromycin for plasmid selection. In current 

and published work, S. epi has been engineered to express the 2W model antigen 

linked to the fluorophore mCherry under control of the agr promoter via plasmid pJL74-

2W-gpmCherry (Leech et al., 2019). In this work, the same Tü3298 strain was 

engineered to express the OVA peptide antigen via modification of the original pJL74-

2W-gpmCherry plasmid.  
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Method Details 

Colitis Models 

5 to 6-week old wild-type C57BL/6 mice were given 2.5-3.5% DSS (w/v) (Alfa 

Aesar, Catalog No. 9011-18-1) ad libitum in their drinking water for 5-6 days, with one 

round of replacement on days 3 or 4. 5 to 6-week old A20fl/fl Abinfl/+ Villin-CreERT2 Tg+ or 

Tg- mice were given daily intraperitoneal injections of 1 mg tamoxifen (1 mg/d, Catalog 

No. T5648; Sigma Aldrich) for 5 consecutive days. In both models, colon length was 

measured from end of the cecum to beginning of the rectum. Weight loss was 

calculated as a percentage of daily weight over starting weight.   

 

FTY720 Administration 

FTY720 (Selleck Chemicals, Catalog No. S5002) was dissolved in phosphate 

buffered saline (PBS) and administered to 5 to 6-week old wild-type C57BL/6 mice via 

intraperitoneal injection at a dose of 10 mg/kg as previously described (Scharschmidt et 

al., 2015). For experiments depicted in Figure 4, FTY720 was administered every 48 

hours on re-challenge days 0-10. Control mice (littermates) were treated with equal 

volumes of PBS according to the same schedule.  

 

LPS-induced Sepsis Model 

Purified lipopolysaccharides (LPS) from Salmonella enterica serotype minnesota 

(Sigma, Catalog No. L6261) was dissolved in phosphate buffered saline (PBS) and 

administered to 5 to 6 week-old wild-type C57BL/6 mice via intraperitoneal injection at a 

dose of 2 mg/kg or 1 mg/kg on day 0 or on days 0, 3, and 6 of the re-challenge period.  
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Bacterial Skin Colonization and Light Skin Abrasion Models 

S. epi-2W was cultured for 48 hours to achieve high 2W-mCherry expression as 

measured by flow cytometry, then washed and re-suspended in PBS to obtain 108-109 

colony-forming units (CFUs) at a volume of 100 µL per mouse. S. epi-2W was then 

applied via a plastic pipette and a sterile PBS-soaked cotton-tipped swab to the back 

skin of mice on days 7, 10, and 13 for neonatal colonization.  

To mimic physiologic exposure of mice to skin S. epi-2W in the context of light 

skin abrasion during adulthood, back hair was first removed using small animal clippers 

and depilatory cream (NairTM Hair Remover Body Cream) on day 0, followed by 

repeated application and removal of adhesive tape on days 0, 3, and 6 (Shurtape HP-

500). Tissues were harvested 10 days after initiation of the challenge as previously 

described (Scharschmidt et al., 2015). 

 

APC-T cell In Vitro Assay 

The APC-T cell assay using fecal samples was informed by previous work 

(Fujimura et al., 2016), with modifications specific to our model.  

APCs: Spleens were harvested and processed over sterile 100 μM cell strainers 

in 1 mL of T cell media (RPMI supplemented with HyClone Characterized Fetal Bovine 

Serum (FBS), 1% penicillin-streptomycin, β-mercaptoethanol, HEPES and GlutaMAX™) 

before ACK lysis. Samples were then stained with Biotin anti-mouse CD3ε Antibody 

(BioLegend, clone 145-2C11, Catalog No. 100303) and Biotin anti-mouse/human 

CD45R/B220 Antibody (BioLegend, clone RA3-6B2, Catalog No. 103203) and APCs 



 73 

were isolated using the EasySep™ Mouse Streptavidin RapidSpheres™ Isolation Kit 

(Catalog No. 19860).  

Antigen: Stool contents obtained directly from harvested colon were 

homogenized in pre-warmed PBS and used as antigen to pulse the APCs for 2 hours at 

37ºC in a 96-well V-shaped-bottom microplate at a concentration of 2x104 cells per well. 

Antigen-pulsed APCs were pelleted, then incubated with T cell media with 100 µg/mL 

Gentamicin sulfate salt (Sigma, Catalog No. G1264) for 1 hour at 37ºC before washing 

and re-suspending in T cell media.  

T cells: CD4+ T cells were isolated from LN via EasySep™ Mouse CD4+ T Cell 

Isolation Kit (Catalog No. 19852) and isolation efficiency was verified via flow cytometry. 

CD4+ T cells were then labeled with the CellTrace™ Violet Cell Proliferation Kit 

(Invitrogen™, Catalog No. C34557) before co-culturing at 37ºC with antigen-pulsed, 

Gentamicin-washed APCs at a ratio of 10:1. After 48 hours of incubation, cells were 

harvested and stained for flow cytometry. 

 

Photoconversion of Intestinal Cells 

Photoconversion of intestinal tissue was performed in SPF CAG::KikGr33 mice as 

previously described (Kitamoto et al., 2020; Nakanishi et al., 2018). Mice were 

anesthetized with isoflurane delivered in O2 and body temperature was maintained at 

37ºC via heating pad throughout the procedure. Abdominal area was shaved prior to 

making an incision in the abdominal wall to externalize the intestinal tissues (SI, colon, 

caecum, and gut-draining LN). The rest of the body was covered with aluminum foil to 

prevent non-specific labeling while only the intestinal tract was exposed to a violet laser 
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source (405 nm, peak power) for 1 minute. The intestinal tissues were returned back to 

the abdomen and the incision sutured. Mice were given post-operative pain medication. 

Twenty-four hours after surgery, cells from various tissues were analyzed via flow 

cytometry for presence of photoconverted RFP+ cells. 

 

Adoptive Transfer of CD4+ T cells 

Donor CD4+ T cells were isolated from gut-draining LN via EasySep™ Mouse 

CD4+ T Cell Isolation Kit (Catalog No. 19852) and isolation efficiency was verified via 

flow cytometry. A total of 1x105 CD4+ T cells were injected intraperitoneally (i.p.) into 

recipient mice. Either twenty-four hours or 7 days after adoptive transfer, various tissues 

of recipient mice were harvested and stained cell suspensions were analyzed via flow 

cytometry for presence of donor CD4+ T cells. 

 

Tissue Processing and Flow Cytometry 

Secondary lymphoid organs: Lymph nodes and spleen were harvested and 

then processed over sterile wire mesh in 2 mL of complete RPMI media before cell 

isolation and tetramer staining in PBS. Red blood cells in spleen were lysed with ACK 

lysing buffer prior to isolation.  

Skin: Back skin was harvested, lightly defatted, then minced with scissors to a 

fine consistency before tissue digestion in 4 mL complete RPMI (RPMI plus 10% fetal 

calf serum, 1% penicillin-streptomycin, β-mercaptoethanol, glutamate, sodium pyruvate, 

HEPES and non-essential amino acids) then supplemented with 2 mg/mL collagenase 

XI, 0.5 mg/mL hyaluronidase, 0.1 mg/mL DNase. Digested skin samples were then 
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incubated, with shaking, at 37ºC for 45 minutes before quenching with 15 mL of 

complete RPMI media and shaking by hand for 30 seconds. Skin cell suspensions were 

filtered through sterile cell strainers (100 μM followed by 40 μM).  

Colon LP: Lamina propria lymphocytes were isolated with minimal modifications 

to previous published work (Nayak et al., 2021). In brief, colons were harvested and 

fileted, then washed with 1 mL PBS to remove stool before resting in complete RPMI 

media. After rinsing with 1X HBSS (without Ca2+ and Mg2+), colons were then each 

incubated, with shaking, in 15 mL 1X HBSS (without Ca2+ and Mg2+) supplemented with 

5 mM EDTA (Promega) and 1 mM DL-Dithiothreitol (DTT) (Bioplus chemicals) for 45 

minutes at  37ºC in order to remove mucus. Samples were then filtered with a 100 μM 

sterile cell strainer to discard supernatant before tissue digestion for 45 minutes at 37°C 

in 15 mL each of 1X HBSS (with Ca2+ and Mg2+) supplemented with 5% (v/v) fetal 

bovine serum (GIBCO heat inactivated), 1 U/mL Dispase (Sigma), 0.5 mg/mL 

Collagenase VIII (Sigma), and 20 μg/mL DNaseI (Sigma). After quenching with 15 mL of 

complete RPMI media, the supernatant was filtered over a 40 μM sterile cell strainer 

and collected in a new tube. Cell suspensions were pelleted 1,000 g for 10 minutes at 

4ºC, then subjected to a Percoll (VWR) gradient (40%/80% [v/v]) before pelleting at 

1,000 g for 20 minutes with no brake and no acceleration. Cells at the interface were 

collected and washed with PBS.  

Cell counting: All tissues were re-suspended in 1 mL PBS and 25 μL of cell 

suspension was mixed with 25 μL of AccuCheck counting beads (Invitrogen, Catalog 

No. PCB100) for calculating absolute numbers of cells.  
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Antibody staining: Remaining cells were stained in PBS for 30 minutes at 4ºC 

with surface antibodies and a Live/Dead marker (Ghost Dye Violet 510, Tonbo 

Biosciences, Catalog No. 13-0870-T100). For intracellular staining, cells were fixed and 

permeabilized using the Foxp3 staining kit (eBioscience, Catalog No. 00-5523-00) 

buffer for 30 minutes at 4ºC then stained in permeabilization buffer for 30 minutes at 

4ºC. Stained cells were run on a Fortessa (BD Biosciences) in the UCSF Flow 

Cytometry Core. Flow cytometry data was analyzed using FlowJo software (FlowJo, 

LLC). 

 

Tetramer Staining and Enrichment 

To identify 2W-specific cells, cell suspensions were pelleted and then stained for 

1 hour at room temperature (15–25ºC), while protected from light, with a 2W1S:I-Ab–

streptavidin-phycoerythrin (PE) tetramer at a concentration of 10 nM. Skin and colon LP 

were then directly stained for other surface and intracellular markers as described 

above. For LN samples, the tetramer-bound fraction was enriched via an adapted 

protocol of the EasySep PE Selection Kit II (StemCell Technologies, Inc.) developed by 

Marc Jenkins’ lab. In brief, 6.25 μL of EasySep PE selection cocktail was added to each 

sample in a total volume of 500 mL and then incubated, while protected from light, at 

room temperature for 15 minutes. Cells were incubated for an additional 10 minutes 

after addition of 12.5 μL of EasySep magnetic particles. Finally, cell suspensions were 

brought up to a total volume of 2.5 mL with PBS and placed into the EasySep magnet 

for 5 minutes at room temperature. Supernatants (unbound fractions) were poured off 

into another collection tube. This process of washing with PBS and enriching for 
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magnetically-bound cells was repeated twice until the positively-selected cells (bound 

fraction) and pooled unbound fraction for each sample were taken for cell counting and 

staining. 

 

Microbial sequencing and analysis 

Sample processing: Mouse fecal samples (n=10) were submitted for DNA 

extraction, PCR amplification of the V4 hypervariable region of the 16S rRNA gene, and 

DNA sequencing on the Illumina MiSeq. DNA was extracted from all samples using a 

modified CTAB extraction protocol. Each DNA sample was amplified using primer pairs 

that (1) targeted the V4 hypervariable region of the 16S rRNA gene, (2) contained a 

unique barcode sequence to enable demultiplexing of pooled samples, and (3) 

contained an adapter sequence that enables the amplicon to bind to the MiSeq flow cell 

based on a previously published protocol [@shenoy_gut_2019]. Amplicons with 

sufficient DNA concentrations were pooled in equal molar concentrations and 

sequenced on the Illumina MiSeq. 

Sequencing Data Processing: Aligned read pairs containing less than two 

expected errors were binned into OTUs (operational taxonomic units) using a 97% 

sequence similarity threshold. OTUs determined to be chimeric or of non-bacterial origin 

were discarded. Additionally, taxa known to be common contaminants (including, but 

not limited to, Delftia and Pseudomonas) and observed in greater than 50% of 

extraction controls were discarded. The maximum read count of each remaining OTU in 

any single extraction control was subtracted from the reads counts of that OTU for each 

sample. Read counts for OTUs which summed across all samples that were less than 
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0.001% of the total read count for the dataset were discarded to minimize noise in the 

dataset. Sample read numbers were representatively rarefied 100 times to 60,000 reads 

as a means of accounting for differences in sample read sizes, leaving 9 samples for 

analysis (One sample was negative control). 

 

Bacterial enumeration 

For CFU enumeration in Figure 3A, 100 mg of stool was directly obtained from 

harvested mouse colons and homogenized in 1 mL of sterile PBS via vortex. Bacterial 

suspensions were then plated on erythromycin-containing TSA to select for S. epi-2W 

mCherry and colonies were enumerated to quantify total CFUs.  

 

Quantification and Statistical Analysis 

The number of mice per group is annotated in each of the corresponding figure 

legends. Data followed a Gaussian distribution and variation was similar between 

groups for the conditions analyzed. Significance was assessed using the unpaired 

Student’s t test or one-way ANOVA with a Tukey post-test in GraphPad Prism software 

(GraphPad). In all figures, the mean value is visually depicted. P values correlate with 

symbols as follows: ns = not significant, p > 0.05, ∗ p ≤ 0.05, ∗∗ p ≤ 0.01, ∗∗∗ p ≤ 

0.001, ∗∗∗∗ p ≤ 0.0001. Mice were allocated randomly into experimental groups after 

matching for age and gender.  
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CHAPTER 4: FUTURE DIRECTIONS 
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Cellular sources and targets of pro-inflammatory factors 

In this work, we provide evidence for the importance of IL-1 signaling in skewing 

cutaneous antigen-specific responses during acute intestinal inflammation. Although 

intestinal-derived IL-1 is likely driving the majority of this response, there are potential 

cellular sources of this and other pro-inflammatory factors that are locally acting in the 

skin as well. Coincidentally, we found that mild skin injury was indispensable for our 

phenotype. One likely source of additional IL-1 in skin could be either keratinocytes or 

macrophages, which have both been shown to produce these molecules upon tape-

stripping or skin injury (Archer et al., 2019; Wang et al., 2021).  

 

Another avenue of investigation lies in the specific cellular targets of IL-1 

signaling in the skin. Although we have shown the importance of the IL-1 receptor on 

CD4+ T cells, we aim to further distinguish the role of Tregs and T effectors. IL-1 

receptor signaling to Tregs leads to destabilization of this cell population (Alvarez et al., 

2019), which begs the question of whether excess IL-1 could directly impact the function 

of S. epi-specific Tregs. 

 

Changes in expression of gut and skin-homing receptors 

 We explored the role of T cell trafficking from gut to skin dLN in our model but 

have yet to comprehensively characterize changes in expression of gut and skin-

homing receptors important in this movement (Fowell and Kim, 2021), such as α4β7 

and CCR4 in mice. There exists a precedent for reprogramming of gut-homing 

receptors into skin-homing receptors (Oyoshi et al., 2011), though this has mainly been 
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studied in the context of allergy, making this avenue of investigation novel and 

intriguing. We can therefore characterize the pathways by which gut and skin-homing 

receptors could be reprogrammed in the context of host-microbe interactions. 

 

Long-term consequences of altered response to S. epidermidis 

Another aspect that warrants further investigation is the long-term consequence 

of the altered cutaneous response to S. epidermidis, especially as we have preliminary 

results suggesting that prior intestinal inflammation can have persisting effects on 

polyclonal CD4+ T cell responses to S. epidermidis. Accumulation of commensal fungi-

induced Th17 cells can increase susceptibility to psoriasis in mice (Hurabielle et al., 

2020), so depending on the long-term stability of S. epi-specific effector CD4+ T cells, 

these cells could also contribute to pathogenesis in similar models of skin disease. 

 

Skin to gut influence 

Skin injury has been shown to promote anaphylaxis to oral antigens (Leyva-

Castillo et al., 2019). An interesting aspect that warrants further investigation is the 

influence of skin inflammation on gut immune tolerance to commensal microbes. In 

conjunction with this project, we have engineered a gut commensal to express our 

model antigen 2W (Bacteroides thetaiotaomicron-2W), which makes this avenue of 

research plausible in the near future. We also have some preliminary data (not shown) 

in which we show that tape-stripping itself can worsen colitis pathogenesis, suggesting 

the influence of skin perturbation on overall intestinal inflammation. 

 



 82 

Microbially-derived molecules with capacity to influence immune responses 

Although there are clear differences in gut microbial community composition in 

our study, we have yet to profile these in the skin. In turn, these changes may reflect the 

altered immunomodulatory capacity of microbes present in the system, either locally in 

the gut and skin, or in circulation. We can therefore test the effects of intestinal S. 

epidermidis on other microbes, such as those which produce Treg-inducing metabolites 

in the gut, in the context of our DSS and skin re-challenge model. On the other hand, 

there also could be potential metabolic differences in intestinal versus skin S. 

epidermidis within the same host, as they inhabit and have to adapt to extremely 

different environments. In either case, performing metabolomics on gut and skin tissues 

would be informative in terms of which microbially-derived molecules could be 

potentially skewing the response to cutaneous S. epidermidis during gut inflammation. 
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