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Synopsis

Commensal bacteria live in close proximity to and constant dialogue with our skin’s immune cells. 

Regulating our immune response to these bacteria is critical, as failure to do so may contribute to 

inflammatory skin disease. Using a new murine model to study how cutaneous T cells respond to 

an antigen expressed by the commensal Staphylococcus epidermidis (S. epi), we found that S. epi 
colonization during neonatal but not adult life led to adaptive immune tolerance. This tolerance 

was protective against skin inflammation upon subsequent S. epi exposure and was mediated by a 

wave of regulatory T cells entering skin during this critical developmental window. These findings 

provide new insight into how we establish a healthy symbiosis with our commensal skin flora and 

identify avenues for future research that may result in novel therapeutic approaches for 

inflammatory skin disease.
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Introduction

Commensal bacteria in inflammatory skin disease

As dermatologists, we routinely diagnose and treat overt cutaneous infections, such as 

folliculitis or cellulitis, where a discrete pathogen is causative and antibiotics are curative. 

We are also familiar with autoimmune skin conditions, such as pemphigus or pemphigoid, 

where an immune response to a self-antigen results in destructive skin inflammation, and 

treatments aim to limit this via immunosuppression. However, we also care for many 

patients with inflammatory skin disorders that are neither infectious nor autoimmune by 

classical definitions. A few examples of these include atopic dermatitis, acne vulgaris and 

hidradenitis suppurativa. While the pathogenesis of these diseases is clearly multifactorial, it 

is likely that immune responses directed at the cutaneous microbiota help drive 

inflammation (Figure 1)1.
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In atopic dermatitis, hereditary defects in skin barrier integrity or host immunity can confer 

disease susceptibility, perhaps by driving altered responses to skin bacteria2. Flares are 

accompanied by an increase in the cutaneous burden of Staphylococcus aureus (S. aureus) 

and Staphylococcus epidermidis (S. epi)3. In acne vulgaris, age of onset coincides with a 

shift in composition of the skin microbiome4. As sebaceous activity increases, the 

proportion of Propionibacterium acnes (P. acnes) on healthy skin increases. The presence of 

P. acnes alone is not sufficient to cause disease, but sequencing of P. acnes isolates from acne 

lesions versus healthy skin has revealed a distinct subset of disease-associated strains5. In 

hidradenitis suppurativa, patients suffer from skin lesions that share many clinical features 

with infectious furuncles or abscesses. However, microbiological studies of hidradenitis 

lesions consistently demonstrate altered bacterial communities in which commensal strains 

from skin or other mucosal body sites predominate over skin pathogens6. Thus, in these 

conditions the presence of a single bacterial strain is not sufficient to initiate disease. Rather, 

shifts in skin flora composition, accompanied by an altered immune response to these 

bacteria in susceptible hosts, likely trigger pathogenic inflammation7.

Present treatment for these inflammatory skin diseases include antibiotics; i.e., a 

sledgehammer to reduce the burden of skin flora, and topical or systemic 

immunosuppressives to blunt the resulting immune response. Understanding how our 

cutaneous immune system regulates inflammation directed against skin microbes will 

provide additional insight into the pathogenesis of these conditions and may open new 

opportunities to optimize host-microbe interactions for therapeutic benefit.

Content

Skin commensal bacteria – how do we keep the peace?

Billions of bacteria, viruses and fungi reside on our skin’s surface and in adenexal 

structures8. Langerhans cells can protrude through tight junctions to capture bacterial 

antigens on the skin’s surface, and bacterial components have even been identified deep in 

the dermis9. This close proximity enables constant dialogue between these commensals and 

our immune system. The presence of bacteria augments the skin’s production of 

antimicrobial peptides and alters the number and function of skin-resident lymphocytes10,11. 

Indeed, individual strains of commensal bacteria, such as S. epi and P. acnes, elicit distinct 

profiles of cytokine production by skin lymphocytes, demonstrating that the composition of 

our skin flora can influence the tissue’s immunologic “tone”12.

A primary function of our immune system is to protect us from infections by recognizing 

and responding to microbial antigens. The observation that our immune system is clearly 

responding to our skin commensal bacteria on an ongoing basis leaves us with a 

fundamental question that has important implications for normal skin biology and the 

pathogenesis of inflammatory skin disease. Why don’t our commensal bacteria elicit chronic 

inflammation in healthy skin?
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Tregs - our immunologic peacekeepers

Our immune system is constantly making decisions about whether and how to respond to 

antigens it encounters. Most of these antigens are our own “self” antigens. Although many 

self-reactive T cells are deleted during development in the thymus, others escape and their 

response must be regulated locally in the tissues where these antigens reside. Regulatory T 

cells (Tregs), a CD4+ T cell subset, play a central role in this process of immune regulation 

or tolerance13. As evidence of this, deficiency in the number or function of Tregs leads to 

autoimmune disease and inflammation in skin and other tissues14,15.

Our commensal microbes are in many ways an extension of our human “self” – not only do 

we rely on them for critical metabolic functions but, as noted above, commensal antigens are 

pervasive at our body surfaces. Commensal bacteria in our gut have been shown to augment 

the number and function of Tregs in the intestinal lamina propria16,17, and gut inflammation 

seen in the absence of Tregs is directed in part toward luminal microbiota18. The skin, like 

the gut, has a significant population of tissue-resident Tregs19. However, the role of these 

Tregs in immune tolerance to skin bacteria was until recently unexplored.

A good (immunologic) relationship gets off on the right foot

The beginning of life represents a critical window of immune maturation in which our 

immune system is trained to recognize self and non-self. Neonates, especially in prematurity, 

are more susceptible to certain infections. Previously this was thought to be due to the 

“immaturity” of their immune systems. Instead, recent evidence suggests that the immune 

response in this early stage of life is not underdeveloped but rather carefully designed to 

promote tolerogenic responses20,21. In particular, Tregs generated early in life have a unique 

propensity to protect tissues from autoimmune attack22. Likely this is an adaptive feature to 

limit potentially damaging immune responses to many new antigens (self and non-self) that 

the immune system encounters in this developmental window. Colonization by commensal 

microbiota also occurs at the beginning of life23, suggesting that perhaps we educate our 

immune system to recognize and tolerate commensal microbes at the same time as we learn 

to tolerate our own antigens.

A new model to track commensal-specific T cells and tolerance

We set out to dissect mechanisms that help us regulate our adaptive immune response to skin 

commensal bacteria. T cells have unique surface T cell receptors (TCRs), enabling each cell 

to recognize and respond to a specific antigen. Studying tolerance necessitates isolating just 

those T cells capable of responding to that antigen and tracking their response in the context 

of a broad immune repertoire. Tools have not yet been developed to identify and study 

individual T cells that respond to native antigens made by skin commensal bacteria. Thus, 

we engineered a skin commensal to express a foreign peptide for which tools are available to 

track the antigen-specific response (Figure 2)24.

We chose to examine the immune response to S. epi, a prevalent commensal on human skin 

that also functions as a commensal in mice, and engineered it to express the foreign peptide, 

2W (Epi-2W). A subset of CD4+ T cells in wild-type mice are capable of responding to 
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2W25. These cells can be isolated and studied by flow cytometry using a MHC-class II 

tetramer that binds to the T cell receptor unique to these cells26.

We colonized the skin surface of adult wild-type mice with Epi-2W and examined total 

inflammation in the skin tissue as well as the 2W-specific (i.e. S. epi-specific) CD4+ T cells 

in these animals. Following skin colonization, we observed expansion of S. epi-specific T 

cells in both skin-draining lymph nodes and spleen without any accompanying skin 

inflammation. This suggested that we had successfully created a model of skin 

commensalism in which we could track a commensal-specific immune response. The robust 

S. epi-specific immune response validated previous lines of evidence that antigens from skin 

commensals are detected by the immune system even in the setting of an intact physical skin 

barrier.

A window of opportunity: commensal-specific tolerance is established in neonatal life

We hypothesized that timing of colonization by a skin commensal might impact the host’s 

ability to regulate the inflammatory response elicited by this foreign antigen, i.e. immune 

tolerance. To test this, we colonized skin of neonatal or adult mice with Epi2W and 

challenged them several weeks later with Epi-2W in the setting of mild barrier disruption 

alongside naïve age-matched controls. We chose this approach to elucidate commensal-

specific immune responses because it recapitulates exposure to commensal antigens in the 

setting of incidental skin trauma, a mildly inflammatory context during which mechanisms 

of immune tolerance would need to be active.

Only mice colonized with Epi-2W during neonatal life demonstrated immunologic tolerance 

to Epi-2W upon challenge, as measured by significantly diminished skin inflammation, 

reduced skin neutrophils, reduced numbers of S. epi-specific effector CD4+ cells in the 

lymph nodes, and dramatic enrichment of S. epi-specific Tregs in both skin and lymph 

nodes. These results demonstrate that colonization of neonatal but not adult skin results in 

commensal-specific T cell tolerance.

Peacekeepers get there early: a wave of regulatory T cells in developing skin

This observation that the timing of exposure to a commensal bacteria influences the ability 

to establish tolerance prompted us to explore how neonatal and adult skin differ with respect 

to the resident immune cell populations. Comprehensive immunologic examination of 

neonatal skin revealed that a unique population of Tregs enters skin during the second week 

of life. These neonatal skin Tregs are more activated and abundant than their adult 

counterparts, constitute the majority of T cells in skin during this key developmental 

window, and are unique to the skin versus another key barrier site, the gut.

Neonatal skin Tregs: critical players at the peacekeeping table

The abrupt accumulation of activated Tregs in neonatal skin in conjunction with the 

preferential ability to establish tolerance to Epi-2W in this window suggested that these 

neonatal skin Tregs might play a major role in mediating tolerance to skin commensal 

microbes. To test this hypothesis, we transiently blocked migration of Tregs into skin 

immediately before colonizing neonatal mice with Epi-2W. Mice in which neonatal skin 
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Tregs were blocked failed to establish tolerance to Epi-2W as measured by the 

aforementioned immunologic parameters. Thus, this wave of activated and abundant Tregs 

in neonatal skin plays a central role in the host’s ability to establish immune tolerance to 

commensal antigens (Figures 3 and 4).

Summary/Discussion

These findings build on prior studies and are collectively instructive with respect to how 

commensal bacteria and our adaptive immune cells peacefully co-exist. Skin lymphocytes 

continuously recognize and respond to antigens from commensal bacteria even in the 

absence of skin barrier breach. However, if these commensal bacteria were present on skin 

during neonatal life, their antigens will elicit a CD4+ T cell response predominated by Tregs, 

preventing destructive tissue inflammation on subsequent re-exposure. By contrast, primary 

exposure to these same commensals later in life does not confer this same immune tolerance. 

The distinct immune effects seen with colonization of neonatal skin are mediated by an 

abundant and activated population of Tregs present in the tissue during this critical 

developmental window27. Below we highlight some of the questions raised by our work and 

discuss how these may inform our understanding and treatment of patients with 

inflammatory skin disease (Figure 5).

From mice to men

There are important differences between the adaptive immune system in young humans and 

young mice. For example, the immune system develops to a large extent in utero during 

human gestation, whereas T cell development occurs largely post-natally in mice21. 

However recent work demonstrates that Tregs in human infants also display unique 

properties and may facilitate a similar window of opportunity for developing tolerance to 

foreign antigens. One study examining lymphoid and mucosal tissue from human infants, 

adolescents and adults, found that Tregs were more abundant and more activated in infant 

tissues as compared with those from adults28. A separate randomized-controlled trial of 640 

human infants with heighted risk of peanut allergy demonstrated that increased rather than 

decreased exposure to peanut protein was protective by helping to establish tolerance to 

these antigens29. These studies suggest that fundamental aspects of our findings may extend 

to the human biology. Nonetheless, more work is required to define the timing and activation 

of Tregs in fetal and infant human skin and verify the extent to which our findings in mice 

extend to humans.

Don't be late to the negotiations

If there is a time-limited window to establish immune tolerance to skin commensals, then 

what are consequences of altering the microbiome during this crucial period? Antibiotic 

treatment can shift composition of our commensal skin flora and may be instructive in this 

regard30. Though not definitive, several studies suggest that early life exposure to antibiotics 

increases the risk of asthma and atopy31–33. Our findings offer a potential explanation for 

this association; i.e., if the commensal population normally present during this critical 

window is altered, tolerance will not be appropriately established and increased 

inflammation will be seen when these antigens are introduced later in life. Recognizing 
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adverse consequences of skin microbiota perturbations early in life might lead to proactive 

interventions to mitigate such effects; for example, potentially pairing antibiotics with 

topical probiotics.

A related but distinct question is whether failure to establish tolerance to a commensal early 

in life precludes tolerance from ever being established or whether other mechanisms could 

compensate for this later in life. While our studies suggest that exposure for 1–2 weeks 

during adulthood was insufficient to limit subsequent inflammatory responses to commensal 

antigens, colonization over a longer period of time might attenuate inflammation via 

alternate mechanisms, much like dose-escalating drug exposure protocols used to desensitize 

allergic individuals who require that drug for therapy34. Conversely, once tolerance to a 

commensal is established in neonates, how durable is this immune response? Are there 

specific mechanisms required to maintain tolerance throughout life or specific events or 

interventions that could cause it to be lost?

Can foe mascarade as friend?

Evolutionary pressures to avoid overwhelming inflammation directed at self or highly 

abundance environmental antigens may have favored mechanisms to establish tolerance to 

antigens present on skin early in life. The Achilles heel of such a system might be exposure 

to a bonafide pathogen during this developmental window. Could this result in tolerance to 

the pathogen and impair the host’s ability to fight infection by this pathogen later in life?

The complexity of the immune response suggests that answers to these questions are 

unlikely to be black and white. In the case of an overt infection by a skin pathogen during 

this developmental window, innate immune signals triggered by skin barrier breach might 

override the tolerogenic response and instead support an effector T cell response to clear the 

pathogen. However, the immunologic outcome is less clear for skin colonization by bacterial 

pathogens that do not always breach the epidermidis, e.g. S. aureus. Understanding the 

consequences of S. aureus colonization early in life, especially in individuals with atopic 

dermatitis, will have important implications for these patients who are prone to recurrent 

flares of their disease in association with this bacteria35.

Host-commensal immune dialogue: a 3-dimensional conversation

Spatial as well as temporal aspects of immune cell interactions are critical to shaping the 

quality of the resulting immune response36. Thus far, we have explored how temporal factors 

may influence our ability to establish tolerance to commensals. Thinking about where this 

dialogue takes place in the tissue may be equally important.

Cutaneous Tregs localize to hair follicles, where a high burden of commensal bacteria 

reside19,37. The spatial co-localization of these populations may facilitate establishment and 

maintenance of commensal-specific tolerance. Mutations in genes critical to the structural 

integrity of the skin barrier, e.g. filaggrin, increase permeability of interfollicular skin to 

exogenous antigens and confer significant risk for atopic dermatitis38. If an altered skin 

barrier directs presentation of commensal antigens away from the hair follicle, it may impair 

mechanisms that promote establishment of commensal-specific tolerance and result in 

excessive inflammation directed at these antigens. In acne vulgaris and hidradenitis, skin 
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inflammation tends to be focused around hair follicles. If hair follicles provide a structure 

facilitating commensal-Treg interaction, then physical disruption of this skin niche, as 

occurs in both these conditions, may impair maintenance of commensal-specific tolerance 

and lead to increased tissue inflammation directed as these “healthy” microbes.

Commensal bacteria in inflammatory skin disease – what lies ahead?

Understanding that a healthy immune response to commensal bacteria requires interaction 

between Tregs and these bacterial antigens early in life may eventually impact clinical 

practice. For example and as alluded to above, antibiotic-induced alteration of the skin 

microbiota during infancy may predispose to inflammation later in life33. While often 

necessary and life-saving, antibiotics should always be used judiciously, especially during 

this critical developmental window. Recognition of antibiotics’ untoward effects on the gut 

microbiota has increasingly led to administration of probiotics during or after antibiotic 

therapy to help rescue and restore the normal gut flora. The same may pertain in the future 

to skin, where antibiotics might be paired with topical probiotics to mitigate disruption of 

normal commensals.

It may also be possible to exploit these mechanisms for host-commensal tolerance by 

establishing tolerance to selected foreign antigens for which immune tolerance would be 

advantageous. For example, patients lacking certain epidermal proteins may soon be able to 

benefit from gene replacement therapy. A barrier to success with such treatments is the 

propensity for adaptive immune responses that target and kill cells expressing these 

“foreign” proteins or those associated with vectors used for gene delivery39. Genetic 

conditions affecting the skin that might benefit from gene replacement are often diagnosed at 

birth or soon thereafter, allowing us a window of opportunity for commensal-driven 

expression of these foreign antigens that might prime the patient’s immune system for 

tolerance upon subsequent replacement therapy.

While there is much yet to learn, harnessing mechanisms that regulate immune responses to 

commensal bacteria may eventually improve therapy for complex inflammatory skin 

disorders, such as atopic dermatitis, acne vulgaris or hidradenitis suppurativa. This will 

require not only characterizing changes in microbiota composition associated with 

inflammatory skin disease but also determining the extent to which adaptive immune 

responses in the tissue are directed against and driven by microbial antigens. While not an 

easy task with tools currently available, emerging technologies enabling analysis of single 

cells from patient’s skin lesions and engineering of chimeric antigen receptor T cells to 

study effects of commensal-specific T cells in model systems may render these questions 

tractable40,41. Empowered with this knowledge as well as basic research examining 

mechanisms required to maintain or re-establish tolerance to commensals later in life, we 

may start to identify and reverse patterns that drive disease pathogenesis. The many yet 

unanswered questions pertaining to host-microbe immunobiology make this a rich and 

exciting field for future investigation and one that has the potential to eventually shift our 

understanding of and approach to inflammatory skin disease.
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Key points

• Our skin is home to many commensal bacteria that normally do not 

cause disease.

• Regulating our immune response, i.e. establishing tolerance, to these 

commensals is essential to prevent chronic inflammation in skin.

• Tolerance to commensal skin bacteria is preferentially established early 

in life when a unique population of skin regulatory T cells encounters 

and responds to antigens produced by these bacteria

• Improved understanding of how our skin establishes and maintains 

tolerance to commensal bacteria may lead to new therapeutic 

approaches to prevent and treat inflammatory skin disease
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Figure 1. Microbiota and immunity in skin disease
Our skin’s microbiota and immune system contribute to the pathogenesis of many diseases. 

Frank skin infections by pathogens lie at one end of the spectrum; whereas, autoimmune 

non-infectious conditions resulting from aberrant immune responses to self-antigens lie at 

the other. The pathogenesis of many inflammatory skin diseases fall between these extremes, 

with important roles for both microbiota and the resulting immune response.
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Figure 2. Tracking commensal-specific immune responses
Studying the adaptive immune response to a skin commensal requires the ability to isolate T 

cells responding to commensal antigens from a mixed cell population. To create such a 

system, we engineered the bacteria S. epidermidis to express a small peptide antigen, 2W 

(Epi-2W). In mice colonized with Epi-2W, antigen-presenting cells are able to internalize 

the 2W antigen and present it to T cells expressing receptors specific for this antigen. To 

identify and study this commensal-specific immune response, T cells are isolated from 

Epi-2W colonized mice and incubated with a tetramer of MHC class II molecules loaded 

with the 2W-peptide. Commensal-specific CD4+ T cells recognizing 2W preferentially bind 

to this tetramer allowing isolation and characterization of this commensal-specific T cell 

population by flow cytometry.
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Figure 3. Immune tolerance to commensals is established early in life
We colonized either neonatal or adult mice with Epi-2W and then several weeks later 

challenged them again with the bacteria in the setting of skin barrier breach. Following this 

challenge, we characterized the population of commensal-specific T cells as well as the 

degree of skin inflammation. Epi-2W colonization of neonates resulted in a population of 

commensal-specific CD4+ T cells that was dominated by Tregs. In contrast, Epi-2W 

colonization of adults led to a predominance of T effectors (Teff) rather than Treg CD4+ T 

cells. Moreover, neonatal but not adult Epi-2W colonization was protective against skin 

inflammation upon challenge. Taken together these results show that immune tolerance to 

skin commensal bacteria is preferentially established early in life.
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Figure 4. Neonatal skin Tregs mediate commensal-specific tolerance
Mechanisms to promote immune tolerance to skin commensal bacteria are preferentially 

active in neonatal life. During this period a population of abundant and activated Tregs 

enters skin. This Treg population plays a critical role in establishing tolerance to these 

commensal bacteria.
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Figure 5. Commensal-specific immune tolerance: what lies ahead?
Recognizing that commensal-specific immune tolerance is established preferentially in early 

life raises many intriguing questions of relevance to our patients. How do antibiotics, 

pathogenic microbes, skin barrier function, or hair follicles affect the development of 

tolerance in neonatal skin and how is it maintained or lost later in life? Answering these and 

other questions will inform our understanding of cutaneous hostcommensal dialogue.
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