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Abstract

Vitamin A deficiency increases susceptibility to skin infection. However, the mechanisms by 

which vitamin A regulates skin immunity remain unclear. Here, we show that resistin-like 

molecule α (RELMα), a small secreted cysteine-rich protein, is expressed by epidermal 

keratinocytes and sebocytes and serves as an antimicrobial protein that is required for vitamin A-

dependent resistance to skin infection. RELMα was induced by microbiota colonization of the 
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murine skin, was bactericidal in vitro and protected against bacterial infection of the skin in vivo. 

RELMα expression required dietary vitamin A and was induced by the therapeutic vitamin A 

analog isotretinoin, which protected against skin infection in a RELMα-dependent manner. The 

RELM family member Resistin was expressed in human skin, was induced by vitamin A analogs, 

and killed skin bacteria, indicating a conserved function for RELM proteins in skin innate 

immunity. Our findings provide insight into how vitamin A promotes resistance to skin infection.

eTOC blurb

Vitamin A regulates skin immunity via unknown mechanisms. Harris et. al. show that RELMα is 

an antimicrobial protein expressed by epidermal cells that shapes resident skin bacterial 

communities and limits skin infection. RELMα is induced by dietary vitamin A and mediates 

vitamin A-dependent resistance to skin infection.

Graphical Abstract

Introduction

The skin is the human body’s largest organ and an essential barrier between the body’s 

internal tissues and the microbe-filled outer world. It is colonized by a diverse and complex 

community of commensal and pathogenic microorganisms that includes bacteria, viruses, 

fungi, and mites (Grice et al., 2008; Foulongne et al., 2012; Duerkop and Hooper, 2013; Oh 

et al., 2016; Findley et al., 2013; Grice et al., 2009).
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The skin manages interactions with this diverse microbial community through multiple 

immune defense strategies. This includes the production of antimicrobial proteins that kill 

bacteria by targeting their essential cell wall or cell membrane structures (Gallo and Hooper, 

2012). Several distinct antimicrobial protein families, including cathelicidins, S100 proteins, 

and β-defensins, have been identified in skin, and the cathelicidins have been shown to 

protect against skin infection (Gallo and Hooper, 2012). However, we still have a limited 

understanding of the diversity of antimicrobial proteins expressed by the skin, how 

antimicrobial proteins regulate skin microbial communities and protect against infection, 

and how skin antimicrobial proteins are regulated by environmental factors such as 

microorganisms and the host diet.

Vitamin A is a lipid-soluble nutrient that is essential for immunity to infection at many body 

sites. In the intestine, vitamin A is required for immunoglobulin A production by intestinal 

B cells (Mora et al., 2006) and T cell homing to the intestine (Iwata et al., 2004). These 

effects of vitamin A are mediated by its derivative, retinoic acid. Retinoic acid controls gene 

expression through retinoic acid receptors (RARs), transcription factors that control 

expression of specific target genes (Idres et al., 2002; Elder et al.; 1991). Vitamin A 

deficiency in humans results in markedly increased susceptibility to skin infection and 

inflammation (Russell and Suter, 2012), suggesting that vitamin A also promotes immune 

function in the skin. This idea is supported by the fact that therapeutic vitamin A analogs are 

frequently used to treat inflammatory skin diseases such as psoriasis and acne (Saurat, 1999; 

Orfanos et al., 1987; Ellis and Krach, 2001). However, little is known about how dietary 

vitamin A affects skin immunity.

Here, we identify resistin-like molecule α (RELMα) as a skin antimicrobial protein that is 

essential for vitamin A-dependent resistance to skin infection. We find that bacterial 

colonization triggers expression of RELMα in mouse skin and that RELMα kills bacterial 

species that colonize the skin. We show that RELMα shapes the composition of resident 

skin bacterial communities and protects against pathogenic bacterial infection of the skin. 

Importantly, we find that dietary vitamin A is required for RELMα expression, and that the 

therapeutic vitamin A analog isotretinoin protects against skin infection in part through 

RELMα. Our findings thus illuminate a mechanism by which vitamin A promotes innate 

immunity and protects against skin infection.

Results

RELMα is expressed in the skin and expression is induced by the microbiota.

As a first step towards understanding how skin immunity is regulated by environmental 

factors, we sought to identify skin antimicrobial proteins whose expression is inducible by 

bacteria. We used whole transcriptome RNA-sequencing (RNAseq) to compare transcript 

abundances in the skin of germ-free mice to those in the skin of germ-free mice challenged 

topically with Staphylococcus aureus. This Gram-positive bacterial species resides in the 

nasopharynx of 30 percent of the human population and is a frequent cause of skin disease 

(Jenkins et al., 2015; Krismer et al., 2017; Kong et al., 2012; Kobayashi et al., 2015). 

Colonization with S. aureus had a broad impact on gene expression in the skin (Figure S1A 

and S1B). One of the most prominent responses to S. aureus challenge was an increase in 
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the abundance of Retnla transcripts (Figure 1A and 1B). Colonization of germ-free mice 

with a microbiota derived from conventionally-raised mice also increased Retnla transcript 

abundance, and Retnla transcript abundance was higher in mice raised in a conventional 

facility as compared to germ-free mice (Figure 1C). These data establish that bacteria 

stimulate Retnla expression in the skin.

Retnla encodes the protein resistin-like molecule α (RELMα), which belongs to the protein 

family that encompasses resistin and the resistin-like molecules (RELMs) (Banerjee and 

Lazar, 2001) (Figure S2A and S2B). Resistin and other RELMs have been characterized as 

hormones that modulate insulin production (Steppan et al., 2001; Rajala et al., 2003). 

However, we recently found that RELMβ is a directly bactericidal protein that kills Gram-

negative bacteria at the surface of the colon and thus promotes host-bacterial mutualism in 

the intestine (Propheter et al., 2017). This finding led to the hypothesis that RELMα might 

be a bactericidal protein of the skin.

RELMα is known to be produced by monocytes, white adipose tissue, and lung epithelial 

cells (Steppan et al., 2001; Pine et al., 2018), but is undescribed in skin epithelium. 

Immunofluorescence analysis of mouse skin revealed that RELMα was expressed by 

keratinocytes and sebocytes within the epidermis (Figure 1D, Figure S2C–E). While the 

mouse genome encodes four RELM family members, the human genome encodes only two 

RELM proteins: Resistin-like molecule β (RELMβ), which is expressed in the intestine 

(Rajala et al., 2003), and Resistin (RETN), which is expressed in keratinocytes and 

sebaceous glands of the skin (Harrison et al., 2007). Immunofluorescence and fluorescence 

in situ hybridization (FISH) analysis confirmed that, like mouse RELMα (mRELMα), 

human RETN (hRETN) is expressed by epidermal keratinocytes (Figure 1E,1F, S2C). The 

location of RELMα expression in monocytes, adipocytes, keratinocytes and sebaceous 

glands is shared with other cutaneous antimicrobial peptides such as cathelicidin (Braff et 

al., 2005; Chronnell et al., 2001; Zhang et al., 2015; Zhang and Gallo, 2016) (Figure 1F), 

suggesting that mRELMα and hRETN might function in antimicrobial defense of the skin.

RELMα kills bacteria by disrupting their membranes

We next tested the ability of mRELMα and hRETN to kill bacteria. We produced 

recombinant mRELMα and hRETN in Escherichia coli and purified folded, monomeric 

protein (Figure S3A). We added the purified proteins to a panel of commensal and 

pathogenic bacteria that included both Gram-positive and Gram-negative species (Fig. 

2A,B). Both mRELMα and hRETN caused a dose-dependent reduction in the viability of 

strains of the Gram-positive species Streptococcus pyogenes (Figure 2A) and the Gram-

negative species Pseudomonas aeruginosa (>99% decline in viability after a 2 hour exposure 

to 2.5 μM of either protein) (Figure 2B). The viability of the intestinal Gram-negative 

bacterial species Citrobacter rodentium and Escherichia coli K12 also declined, but much 

less markedly (Figure 2B). Propionibacterium acnes, a Gram-positive commensal species 

linked to acne in human skin (Holland et al., 1998; Beylot et al., 2014; Coughlin et al., 

2017), was highly susceptible to hRETN but less so to mRELMα (Figure 2B). Thus, 

mRELMα and hRETN are bactericidal for Gram-positive and Gram-negative bacteria at low 
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micromolar concentrations, similar to other skin antimicrobial proteins (Figure S3B) (Ganz 

and Lehrer, 1995; Durr et al., 2006).

Interestingly, while a strain of the Gram-positive skin commensal Staphylococcus 
epidermidis was susceptible to mRELMα and hRETN, a strain of the pathogen 

Staphylococcus aureus was resistant (Figure 2B). This suggested that S. aureus might have 

specific attributes that protect it from mRELMα-and hRETN-mediated killing. A unique 

feature of S. aureus is its ability to produce staphyloxanthin (STX), a yellow pigment that 

intercalates into the S. aureus membrane and protects it from attack by pore-forming 

antimicrobial proteins (Mishra et al., 2011; Liu et al., 2005). Indeed, S. aureus mutants 

lacking STX (DCRTM) were more susceptible to killing by mRELMα and hRETN (Figure 

2C), indicating that STX is required for S. aureus resistance to RELM bactericidal activity.

The requirement of STX for S. aureus resistance to mRELMα suggested that mRELMα 
bactericidal activity might involve membrane permeabilization. This idea was also supported 

by our prior finding that mRELMβ killed Gram-negative bacteria by forming pores that 

permeabilized bacterial membranes (Propheter et al., 2017). To determine if mRELMα 
disrupts membranes, we performed liposome disruption assays on liposomes with a lipid 

composition similar to that of bacterial membranes (85% of the neutral lipid 

phosphatidylcholine and 15% of the negatively charged lipid phosphatidylserine). The 

liposomes encapsulated carboxyfluorescein (CF), a self-quenching dye that fluoresces upon 

dilution. mRELMα and hRETN both induced rapid dye release (Figure 2D, 2E, S3C), 

suggesting that these proteins permeabilize membranes. Additionally, mRELMα promoted 

dose-dependent uptake of the membrane impermeant dye propidium iodide by S. pyogenes 
(Figure 2F). Thus, mRELMα permeabilizes bacterial membranes, suggesting a mechanism 

for its bactericidal activity.

The skin surface has unique physical and chemical properties relative to other body sites, 

including an acidic pH (Zlotogorski, 1987) and the presence of a high proportion of 

cholesterol in keratinocyte cell membranes. We therefore assessed the sensitivity of 

mRELMα antibacterial activity to pH and membrane cholesterol. To carry out these assays, 

we used the acid-resilient bacterial species Listeria monocytogenes. mRELMα antibacterial 

activity was most potent at pH 5 and declined at pH 7 (Figure S3D and S3E), indicating that 

mRELMα is most active at physiological skin pH. Similarly, incorporation of 30% 

cholesterol into liposome membranes, reflecting the composition of keratinocyte membranes 

(Pappas, 2009), resulted in lowered RELMα membrane permeabilization activity (Figure 

S3F). This suggests that elevated membrane cholesterol might be one mechanism by which 

keratinocytes limit self-inflicted damage from the production of membrane-permeabilizing 

antimicrobial proteins.

Mice lacking RELMα have an altered skin microbiota

The antibacterial activity of RELMα suggested that it might regulate the composition of the 

resident skin microbiota in vivo. We therefore used CRISPR/Cas9-mediated gene targeting 

to delete the mouse Retnla gene locus (Figure S4A). We verified that RELMα was absent in 

Retnla−/− mouse skin, and that skin pH and the expression of other skin antimicrobial genes 

were not affected (Figure S4B–E). We then compared the composition of skin microbial 

Harris et al. Page 5

Cell Host Microbe. Author manuscript; available in PMC 2020 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



communities of wild-type and Retnla−/− littermates using 16S rRNA gene sequencing. 

Principal coordinate analysis (PCoA) revealed that the wild-type and Retnla−/− mice had 

distinct skin microbiotas (Figure 3A–C and S5). Consistent with our in vitro findings 

(Figure 2B), the relative abundance of coagulase-negative staphylococci and streptococcus 
was increased in male and female Retnla−/− mice respectively (Figure 3C). RELMα is 

expressed at low levels in the colon (Figure S5B). Accordingly, Retnla−/− mice maintained 

similar fecal microbiomes even though they had divergent skin microbiomes (Figure S5C 

and S5D). Together, these data show that RELMα shapes the composition of the skin 

microbiota.

Mice lacking RELMα are more susceptible to bacterial infection

We next assessed the susceptibility of Retnla−/− mice to bacterial infection. Retnla−/− mice 

superficially infected with S. pyogenes (i.e., without breaking the skin) showed elevated 

numbers of S. pyogenes when compared to wild type mice (Figure 4A). Retnla−/− mice were 

also more susceptible to infection with STX-deficient S. aureus (ΔCRTM). In contrast, 

infection of Retnla−/− and wild type mice with the parental wild-type S. aureus strain did not 

produce marked differences in S. aureus numbers (Figure 4B), consistent with the resistance 

of this strain to mRELMα bactericidal activity (Figure 2C). Retnla−/− mice also showed 

increased susceptibility to intradermal infection with S. pyogenes (Figure 4C) and increased 

erythema during infection (Figure S4F). Thus, RELMα protects against pathogenic bacterial 

infection of the skin in vivo.

Vitamin A is required for RELMα expression

Skin immunity is highly sensitive to the presence of dietary vitamin A (West et al., 1995, 

Everts, 2012). Vitamin A deficiency in humans results in markedly increased susceptibility 

to skin infection and inflammation (Russell and Suter, 2012), and oral administration of 

synthetic retinoids (compounds biochemically related to vitamin A) is a widely-used 

treatment for inflammatory skin diseases (Orfanos et al., 1987). Despite the clinical 

effectiveness of oral retinoid administration, little is known about the mechanisms by which 

vitamin A and synthetic retinoids regulate cutaneous immunity (Oeff et al., 2006).

Vitamin A typically regulates gene transcription through its derivative, retinoic acid, which 

binds to RARs. RARs activate transcription of specific target genes by binding to retinoic 

acid response elements (RAREs) (Idres et al., 2002). To determine if the expression of 

RELM family members might be dependent on vitamin A, we first conducted an in silico 
analysis for RARE sites in the RETN promoter using NUBIScan software (Podvinec et al., 

2002). NUBIScan predicted 21 putative RARE sites in the human RETN promoter (Figure 

S6). We then used chromatin immunoprecipitation (ChIP) assay to assess binding of RARs 

to the RETN promoter in SZ95 sebocytes (Zouboulis et al., 1999). Indeed, RARs bound at 

several predicted retinoic acid response elements (RAREs) in the human RETN promoter 

(Figure 5A). Next, to test if expression of RETN could be stimulated by vitamin A 

derivatives, we added retinol (a vitamin A derivative enzymatically upstream of retinoic 

acid) to cultured human sebocytes. Retinol enhanced expression of RETN transcripts in the 

presence of the proinflammatory cytokine IL-1β (Figure 5B), indicating that retinol acts 

synergistically with a proinflammatory stimulus to stimulate RETN expression in sebocytes. 
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Finally, addition of BMS493, a pharmacological inhibitor of RARs, abrogated the increase 

in RETN expression (Figure 5B). Thus, RARs bind to the RETN promoter and mediate 

retinol-stimulated RETN expression.

To determine if expression of mouse Retnla was similarly dependent on vitamin A, we 

conducted studies on mice fed a vitamin A-deficient diet. We found that Retnla transcripts 

were less abundant and RELMα protein levels were lower in the skin of mice fed a vitamin 

A-deficient diet (Figure 5C–E). Although sebaceous glands can degenerate with inadequate 

dietary vitamin A (Zouboulis et al., 1993; Wolbach and Howe, 1925), we did not observe 

sebaceous gland atresia in mice after vitamin A deprivation (Figure 4F). Indeed, FISH 

analysis showed a decreased abundance of Retnla transcripts in the sebaceous glands of 

vitamin A-deprived mice (Figure 4F). In contrast, the expression of genes encoding other 

known skin antimicrobial proteins was not markedly affected by vitamin A deprivation 

(Figure S6). Thus, mRELMα is unique among known skin antimicrobial proteins in that its 

expression requires vitamin A in the diet.

RELMα provides vitamin A-dependent antimicrobial protection in the skin

We next asked whether administration of exogenous therapeutic retinoids can stimulate 

RELMα expression in vivo. Mice treated orally with the therapeutic retinoid isotretinoin 

(13-cis retinoic acid) showed increased expression of Retnla in the skin compared to vehicle-

treated mice (Figure 6A, 6C, 6D). This paralleled the increased expression of Rarb, 

encoding RARβ (Figure 6B), an established target of synthetic retinoids (Idres et al., 2002). 

Further, isotretinoin treatment rescued Retnla expression in mice on a vitamin A-deficient 

diet (Figure 6E). Mice fed a vitamin A-deficient diet were also more susceptible to skin 

infection by S. pyogenes than mice fed a vitamin A-replete control diet, and treatment with 

isotretinoin rescued this susceptibility (Figure 6F). Thus, retinoid-induced expression of 

Retnla correlated with a reduced susceptibility to skin infection.

To determine whether RELMα caused the reduced susceptibility to infection with 

isotretinoin treatment, we studied Retnla−/− mice. Isotretinoin treatment of wild-type mice 

fed a normal chow diet increased RELMα expression and increased resistance to S. 
pyogenes infection of the skin (Figure 6G–H). In contrast, isotretinoin treatment of Retnla−/− 

mice did not alter susceptibility to infection (Figure 6H). Altogether, our data show that 

RELMα expression requires dietary vitamin A, that therapeutic retinoids such as isotretinoin 

stimulate Retnla expression, and that the ability of retinoids to protect against skin infection 

depends on RELMα.

Discussion

The skin is in direct contact with the external environment and thus continuously interfaces 

with large numbers of microorganisms. The skin copes with this immense microbial 

challenge in part through the secretion of a variety of antimicrobial proteins (Gallo and 

Hooper, 2012). In this study we have discovered that RELM proteins constitute a previously 

unknown group of antibacterial proteins that shape resident skin bacterial communities and 

limit pathogenic bacterial infection of the skin. Our findings provide insight into how innate 

immunity regulates skin microbial ecology and resistance to infection.
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RELMα expression is remarkably sensitive to environmental cues that include skin bacteria 

and the host diet. We found that complex communities of resident microorganisms as well as 

pathogenic S. aureus trigger RELMα expression when introduced onto germ-free mouse 

skin. This is consistent with our finding that mouse RELMα and human RETN kill a variety 

of bacterial species. However, the diversity of skin microbial communities is immense 

(Grice et al., 2009), and the skin is also colonized by fungi, such as species of Malasseezia, 

and species of bacteria, such as members of the genus Corynebacterium, that were not 

directly tested as possible targets of RELMα (Grice, 2014; Findley et al., 2013; Jo et al., 

2016). Additional studies will be required for a more comprehensive understanding of the 

range of microorganisms that are targeted by mouse RELMα and human RETN, and to 

identify which bacterial species (in addition to S. aureus) can trigger RELMα and RETN 

expression.

An important remaining question is how skin bacteria trigger RELMα expression in the 

skin. Several possible mechanisms are suggested by prior studies of skin and gut 

antimicrobial proteins. One possibility is that RELMα expression is controlled by host 

pattern recognition receptors, such as Toll-like receptors (TLR), which are expressed on skin 

epithelial cells. This idea is suggested by the fact that epithelial cell TLR signaling controls 

the expression of several epithelial antimicrobial proteins, such as REGIIIγ and RELMβ in 

the gut (Vaishnava et al., 2011) and β-defensin on the skin (Sumikawa et al., 2006). 

Cathelicidin expression is also controlled by TLR signaling, but in an indirect manner. 

Activation of keratinocyte TLR2 induces expression of the CYP27B1 gene, which encodes 

25-hydroxyvitamin D3–1-α-hydroxylase. This enzyme controls production of the active 

form of vitamin D, which binds to the vitamin D receptor (VDR) and promotes transcription 

of the gene encoding cathelicidin (Liu et al., 2006; Schauber et al., 2007). Our finding that 

the vitamin A derivative retinol drives RETN expression through RAR(s) suggests that skin 

bacteria could similarly regulate retinol or retinoic acid levels in keratinocytes and sebocytes 

and thus promote RAR-dependent transcription of RELM-encoding genes.

A second possible mechanism involves capture of bacterial signals by pattern recognition 

receptors on immune cells that patrol the tissues that underlie the skin surface, followed by 

signaling back to the epidermal layer through cytokines. This idea is suggested by studies of 

intestinal REGIIIγ, whose expression can be triggered by a cytokine signaling relay among 

dendritic cells, type 3 innate lymphoid cells (ILC), and intestinal epithelial cells (Sanos et 

al., 2009). Similarly, a rich network of skin-resident dendritic cells and ILC resides in the 

subcutaneous tissues (Belkaid and Segre, 2014; Kobayashi et al., 2019), and could convey 

regulatory signals to keratinocytes and sebocytes to regulate RELMα expression.

A third possibility is that skin bacteria induce RELM protein expression through their 

metabolic products. In the gut, microbial fermentation of dietary fiber produces short chain 

fatty acids (SCFA), such as butyrate, which can alter epithelial cell gene expression 

(Ganapathy et al., 2013). Although the skin surface is normally aerobic, lipid-rich anaerobic 

environments can arise under certain conditions, such as occlusion of sebaceous follicles 

(Sanford et al., 2016). Such conditions allow for the production of SCFAs by skin bacteria 

such as P. acnes, which in turn can alter keratinocyte gene expression (Sanford et al., 2019). 
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This suggests that SCFAs or other metabolic products of skin bacteria could regulate RELM 

protein expression.

The host diet is another important environmental factor, in addition to skin bacteria, that 

regulates RELMα expression. Our studies of mice fed a vitamin A-deficient diet uncovered 

an unexpected requirement for dietary vitamin A in skin expression of RELMα. We also 

found that expression of the human RETN gene in sebocytes is enhanced by the vitamin A 

derivative retinol through direct binding of RARs to the RETN promoter. RELMα and 

RETN represent unique instances of antimicrobial proteins whose expression is regulated by 

vitamin A or its derivatives, thus revealing a role for vitamin A in skin innate immunity. This 

vitamin A requirement could help to explain why people with inadequate vitamin A in their 

diets tend to have more skin infections (Russell and Suter, 2012).

The finding that vitamin A is required for RELMα expression could also provide insight 

into why vitamin A analogs are effective treatments for certain skin diseases. Analogs such 

as isotretinoin are routinely used to treat skin inflammatory diseases such as psoriasis and 

acne, yet the molecular basis for the success of these treatments is poorly understood 

(Saurat, 1999; Orfanos et al., 1987; Ellis and Krach, 2001). We found that isotretinoin 

induced RELMα expression and moreover, protected mice from skin infection only when 

RELMα was present. This indicates that isotretinoin enhances antibacterial immunity of 

mouse skin in part by regulating RELMα, thus suggesting a mechanism by which 

therapeutic vitamin A analogs could promote skin innate immunity.

Fat-soluble vitamins appear to be of particular importance for the expression of skin 

antimicrobial proteins. While RELMα is a unique example of an antimicrobial protein 

regulated by vitamin A, prior work identified a role for vitamin D in the expression of 

cathelicidin (Liu et al., 2006; Schauber et al., 2006). This occurs through vitamin D binding 

to the VDR, which in turn binds to the cathelicidin gene promoter to regulate its 

transcription (Liu et al., 2006; Schauber et al., 2007). Interestingly, vitamins A and D are 

both lipophilic, suggesting that fat-soluble vitamins are critical for skin innate immunity. 

Because of their lipophilic chemistries, vitamin A and D both require adequate dietary fat 

intake for their absorption (Moyersoen et al., 2017; Albahrani and Greaves, 2016). This 

implies that low-fat diets could impact the development of skin disease and suggests an 

interesting topic for future study.

Our studies of human RETN indicate a conserved function for RELM proteins in vitamin A-

dependent innate immunity of the skin. A role for RETN in the immune defense of human 

skin was suggested by a large study that analyzed polymorphisms in the RETN gene 

promoter of acne patients and healthy controls. This study uncovered a strong association 

between RETN gene polymorphisms and acne, particularly in female patients (Younis et al., 

2016). Alongside our findings, these data suggest a role for RETN in skin conditions, such 

as acne vulgaris and hidradenitis suppurativa, that are thought to arise in part from changes 

in the microbiome (Ring et al., 2017; O’Neill and Gallo, 2018).

The antimicrobial activity of RETN could also underlie microbiome shifts that occur on the 

skin after isotretinoin treatment. Three studies have analyzed the skin microbiome of 
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patients treated with isotretinoin, finding that that treatment is associated with a decreased 

abundance of P. acnes (new nomenclature Cutibacterium acnes) (Kelhala et al., 2018; Ryan-

Kewley et al., 2017; McCoy et al., 2018). Given our finding that human RETN can kill P. 
acnes, these data suggest that increased RETN expression in patients on isotretinoin might 

underlie the microbiome shifts seen in treated patients. However, additional studies are 

needed to determine whether isotretinoin stimulates RETN expression in human patients.

In summary, we have discovered that RELMα is a previously unknown antimicrobial protein 

of the skin, and that vitamin A plays an unexpected role in skin innate immunity by 

regulating RELMα expression. Our studies of human RETN indicate a conserved function 

for RELM family proteins in vitamin A-dependent defense of the skin. Altogether, our 

findings provide insight into how vitamin A promotes resistance to skin infection and help to 

illuminate how diet regulates skin innate immunity.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Lora V. Hooper (Lora.Hooper@UTSouthwestern.edu). The 

SZ95 sebocyte cell line was obtained from Christos C. Zouboulis and cannot be distributed 

to other groups without permission from Dr. Zouboulis.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal studies were approved by the Institutional Animal Care and Use 

Committees of the UT Southwestern Medical Center (Protocol # 2015–101212 and 2015–

101064) and conducted in compliance with regulatory guidelines. Age and sex matched 

male and female mice 8–14 weeks old were used for all experiments. All mice used in the 

study were maintained in 12 hr light-dark cycle. The following strains of mice were used for 

the study; C57BL/6, RELMα knockout (Retnla−/−) on C57BL/6 background. Mice used in 

the study were monitored daily for signs of any obvious physical stress and behavioral 

changes and euthanized per protocol if found in distress. C57BL/6 wild-type mice were bred 

and maintained in the specific pathogen free (SPF) barrier facility at the University of Texas 

(UT) Southwestern Medical Center on standard chow. Germ-free C57BL/6 mice were bred 

and maintained in flexible film vinyl isolators in the gnotobiotic mouse facility at UT 

Southwestern where they were housed in open top cages with autoclaved bedding and given 

autoclaved diet (Hooper Lab Diet 6F5KAI, Lab Diet, St. Louis, MO) and autoclaved 

nanopore water. Mice feed and bedding were changed every week and earlier if needed. GF 

status was confirmed by culture of fecal pellet, feed, and bedding on brain heart infusion 

(BHI), Sabouraud dextrose, and nutrient media under both aerobic and anaerobic condition 

as well as PCR of 16S rRNA gene in fecal DNA using universal primers. For S. aureus 
colonization experiments, germ free mice were swabbed daily for three days with 1 × 109 

CFUs of mid-log phase S. aureus (ATCC 25923). S. aureus was cultured in Tryptic Soy 

Broth, spun down and resuspended in PBS. Selective plating was done to confirm 

colonization of the skin. Germ free mice were conventionalized by exposing mice to the 

bedding, food, and fecal material from the non-barrier facility at UT Southwestern for 4 
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days. S. aureus and S. pyogenes were not present in the microbiota, as confirmed by 

selective plating.

Retnla−/− mice were generated using CRISPR/Cas9 genome editing with a guide RNA 

targeting regions upstream and downstream of the Retnla locus (Figure S4). Guide RNAs 

were injected into fertilized C57BL/6J embryos along with in vitro transcribed Cas9 mRNA 

by the UT Southwestern Transgenic Core facility. Healthy blastocysts were implanted into 

pseudopregnant mice. The resulting litters were screened by genomic sequencing to detect 

the deletion of Retnla, and mice harboring the deleted allele were bred to homozygosity.

Bacterial strains—Bacteria were grown in species-specific growth media: Escherichia 
coli (ATCC; ATC-PTA-7555), Pseudomonas aeruginosa (ATCC27853), and Citrobacter 
rodentium (ATCC51459) were grown in Luria Broth. Listeria monocytogenes (EGD-e; BD 

Biosciences #237500), Streptococcus pyogenes (ATCC12384), Staphylococcus aureus and 

Staphylococcus aureus DCRTM (both from George Liu) were grown in Brain Heart Infusion 

Broth (BD Biosciences). Staphylococcus aureus (ATCC25923) and Streptococcus 
epidermidis (Hooper lab clinical isolate) were grown in Tryptic Soy Broth. 

Propionibacterium acnes (ATCC6919) was grown in Modified Clostridial Broth.

Sebocyte cell culture—SZ95 cells are an immortalized human sebocyte cell line 

generated from a 87 year old female person and transformed with Simian virus 40 (SV40). 

SZ95 were obtained with the permission of Christos Zouboulis. Cell identity was confirmed 

by the characteristic appearance of sebocytes in culture with intracellular lipid droplets. 

SZ95 have also been shown to express human Resistin, as was confirmed in our study. The 

SZ95 cells were negative for mycoplasma contamination by PCR (Sigma-Aldrich Venor 

GeM Mycoplasma Detection Kit).

METHOD DETAIL

SImmunofluorescence—Skin samples were fixed in formalin and embedded in paraffin 

by the UT Southwestern histology core. Samples were deparaffined with xylene followed by 

rehydration with decreasing concentrations of ethanol. Boiling 0.1 M trisodium citrate buffer 

0.2% tween was used for antigen retrieval. Slides were blocked with 2% BSA in PBS, then 

with 1%BSA/0.3%Triton X-100/PBS, and then incubated with primary antibodies against 

RELMα, RETN, or an IgG control (Figure S2C–E) at 4°C overnight at 1:200 dilutions (LS-

Bio, LS-C104472, LS-C131843 or Abcam ab39626). Secondary antibodies Alexa Fluor® 

594 (Thermo Fisher) were diluted 1:350 and applied to slides for 1 hour at room temperature 

in the dark. Slides were then washed and mounted with DAPI Fluoromount-G® (Southern 

Biotechnology 0100–20). Images were captured using a Zeiss AxioImager M1 microscope 

or a Discover Echo REVOVLE 4 microscope. Human skin was obtained from patients 

recruited from elective plastic surgery cases performed at UT Southwestern Medical Center. 

This study was approved by the UT Southwestern Institutional Review Board and complied 

with Declaration of Helsinki Principles. Sebaceous glands were identified by their 

characteristic autofluorescence pattern (Croce and Bottiroli, 2014; Kong et al., 2013), 

location adjacent to the hair follicle, and review by a board certified dermatopathologist, 

Travis Vandergriff, M.D.
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Fluorescence in situ hybridization (FISH)—Fluorescent probes spanning the second 

and third exons, with 5’ and 3’ Alexa modifications, were generated against the mouse 

transcripts Retnla and Defa5, and the human transcript RETN (Integrated DNA 

Technologies). Skin samples were fixed in formalin and embedded in paraffin. Sections were 

deparaffinized with 2 changes of xylene. Sections were rehydrated with successive ethanol 

washes and then with double distilled water. Probes were diluted to 1 μM in warm 

hybridization buffer (0.9M NaCl, 20 mM Tris-HCL, pH 7.2, 0.1% SDS), applied directly to 

slides, and incubated in a humidified chamber overnight at 50° C. Slides were washed with 

Wash Buffer (0.9 M NaCl/20 mM Tris-HCl, pH7.2). Slides were then washed and mounted 

with DAPI Fluoromount-G® (Southern Biotechnology 0100–20). Images were captured 

using a Zeiss AxioImager M1 microscope or a Discover Echo REVOVLE 4 microscope.

FISH probes:

RETN-FISH: spanning exon 2 and exon 3 of the human Retn mRNA.

5’-/5Alexa594N/GCT TAT TGC CCT AAA TAT TAG GGA GCC GGC GAC CTC C/

3Alexa594n/-3’

Defa5-FISH:

5’-/5Alexa488N/CTG GTC CTC TTC CCC TGG CTG CTC CTC AGT ATT AGT/

3Alexa488n/-3’

Retnla-FISH: spanning exon 2 and exon 3 of the mouse Retnla mRNA

5’-/5Alexa594N/CAG TGG AGG GAT AGT TAG CTG GAT TGG CAA GAA GTT CC/

3Alexa594n/-3’

Quantitative real-time PCR—RNA was isolated from whole mouse skin using the 

RNAeasy Plus universal kit (Qiagen 73404). 1 μg of RNA was converted to cDNA 

(Thermofisher 4368814 High Capacity cDNA reverse transcription kit). qRT-PCR was 

performed using TaqMan® Gene Expression Assays (see Key Resources Table) and the 

QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). Relative expression 

values were determined using the comparative Ct (ΔΔCt) method, and transcript abundances 

were normalized to Gapdh or 18S transcript abundance.

Whole transcriptome sequencing and data analysis—RNA was extracted from 

whole mouse skin using the RNAeasy Plus universal kit (Qiagen 73404). RNA quality was 

assessed by Agilent 2100 Bioanalyzer. Truseq RNA sample preparation kit v2 (Illumina) 

was used for the preparation of sequencing libraries. Sequencing was performed on an 

Illumina HiSeq 2500 for signal end 50 bp length reads. Sequence data were mapped against 

the mm10 genome using TopHat and FPKMs were generated using Cuffdiff with parameters 

FPKM >10, fold change >2, and adjusted p value <0.01.

Western blot—Mouse skin was homogenized in RIPA buffer (ThermoFisher 89900) 

containing cOmplete™ Protease Inhibitor Cocktail (Sigma 11697498001). Equal amounts of 
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protein were loaded onto a 4–20% gradient SDS-PAGE and transferred to a PVDF 

membrane. After blocking with 5% milk in TBS-T, the membranes were incubated at 4°C 

overnight with anti-RELMα antibody (Abcam ab39626) or anti-Actin (Sigma A5060). 

Membranes were then incubated with anti-rabbit secondary antibodies conjugated with HRP. 

Membranes were visualized and bands quantified using a Bio-Rad ChemiDoc™ Touch 

system.

Sebocyte cell culture—SZ95 sebocytes were cultured in Sebomed® Basal Medium 

(Biochrom F8205) supplemented with 0.1 ng/ml human epidermal growth factor 

(ThermoFisher PHG0313) and 10% fetal bovine serum (Gibco 10082147). Cells were 

maintained at 5% CO2 at 37° C. Prior to stimulation, SZ95 sebocytes were adapted to 

serum-free medium for 48 hours. Cells were stimulated with retinol (100 nM) (Sigma 

R7632) and IL-1b (50 pg/ml) (ThermoFisher 10139HNAE). Retinoic acid receptor activity 

was inhibited with BMS493 (TOCRIS 3509) for 3 hours prior to stimulation. 24 hours post-

stimulation cells were harvested and human RETN and GAPDH transcripts were analyzed 

as described above. Amber lighting was used throughout to minimize retinoid degradation.

Chromatin immunoprecipitation (ChIP) assays.—SZ95 cells were crosslinked in cell 

culture media with 1% formaldehyde for 8 minutes at room temperature, followed by 125 

μM glycine at 4°C for 10 min to quench the reaction. Shearing of nuclear DNA was 

completed per manufacturer’s protocol (Diagenode). For each immunoprecipitation reaction 

20 μl of Magna protein A beads (Millipore) and chromatin from 1 × 107 cells was combined 

with 5 μg of goat anti-RAR (Santa Cruz) or total goat IgG (Millipore). Complexed RETN 
promoter sequences were quantified using SYBR Green-based real-time PCR. Primer 

sequence and primers are listed in Key Resources Table. The ratio of specific antibody pull-

down to input DNA was used to calculate relative enrichment of the RETN promoter.

Vitamin A deprivation—Vitamin A-deficient (TD.09838) and control (approximately 

20,000 IU vitamin A/kg; TD.09839) diets were purchased from ENVIGO. At day 10 of 

gestation, pregnant females were placed on either the vitamin A-deficient or -replete diet. 

Mothers and pups were maintained on the diets until weaning, and pups stayed on the diet 

for 2–3 months before sacrifice.

Treatment with therapeutically-administered retinoids—Isotretinoin (13-cis 
retinoic acid; Sigma R3255) was dissolved in DMSO and further diluted in corn oil (Sigma 

C8267). Mice were treated by oral gavage for 3 consecutive days with 1 mg of isotretinoin 

in 10% DMSO/corn oil or 10% DMSO/corn oil (vehicle). Mice were sacrificed and the skin 

was analyzed.

Protein expression and refolding—Sequences encoding mRELMα, and hRETN were 

PCR-amplified from codon-optimized genes (GenScript (Piscataway, NJ) sequences listed 

below) using the primers listed in the Key Resources Table and the KOD Hot Start 

Polymerase kit (EMD Millipore #71086). PCR amplified products were purified using the 

Quick PCR purification kit (Qiagen; 28104), cloned via NdeI and BamHI sites (New 

England Biolabs) into the pET28a expression vector (EMD Millipore #69864), transformed 

into One Shot TOP10 competent cells (ThermoFisher; C404010), and plated for ampicillin-
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resistant clones. Plasmid DNA was purified using the QIAprep Spin Miniprep kit (Qiagen; 

27106) and sequenced by the UT Southwestern Sequencing Core Facility. To generate 

recombinant protein, expression plasmids were transformed into chemically competent 

BL21 DE3RIL (Agilent #230245) cells and plated on LB agar (Sigma; L7533) with 

chloramphenicol (Cam) (30 μg/ml) and kanamycin sulfate (Kan)(50 μg/mL). A 10-mL 

overnight culture was used to inoculate 1 liter of LB (Sigma; L7658) containing Cam and 

Kan. The culture was grown to midlogarithmic phase (OD600 ~0.5–0.7), and protein 

expression was induced with 0.4 mM isopropyl-β-D-thiogalactoside (GoldBio Technology 

#I2481) and grown for 16–20 hours at 20°C with shaking. Bacterial cells were pelleted, 

resuspended in 75 ml of lysis buffer (20 mM Tris, pH 7.5, 1% Triton X-100, and 2 mM 

PMSF), and lysed by sonication (Misonix Ultrasonic Cell Disruptor). Lysed cells were 

centrifuged, and the pellets were resuspended in 40 ml of inclusion body buffer (100 mM 

Tris, pH 9.0, 7 M guanidine hydrochloride) followed by the addition of 100 mM sodium 

sulfite and 20 mM sodium tetrathionate. This mixture was stirred overnight at room 

temperature. The solubilized inclusion bodies were then passed over a Ni-NTA column 

(Qiagen; 30210) equilibrated with wash buffer (25 mM Tris, pH 7.5, 20 mM glycine, and 6 

M urea). The column was then washed, and bound protein was eluted with wash buffer 

containing 250 mM imidazole. Fractions containing protein were pooled and diluted to 0.1 

mg/ml in prechilled refolding buffer (100 mM Tris, pH 8.5, 20 mM glycine, 300 mM NaCl, 

5 mM EDTA, and 2 M urea) at 4°C. After the solution became homogeneous, cysteine (5 

mM final concentration) was added and mixed until dissolved. Once dissolved, the solution 

was removed from stirrer and left at 4°C for 72 h. Protein solutions containing mRELMα or 

hRETN were then dialyzed [at least 20:1 (vol/vol)] against a 30 mM sodium acetate pH 4.5 

with three buffer changes, each for 8–14 hours at 4°C. Proteins were concentrated in 

Amicon Ultra centrifugal filters (Millipore #UFC900324) and separated by size-exclusion 

chromatography on Superdex 75/300 (GE Healthcare #17-5174-01), and fractions 

containing monomeric protein were pooled, concentrated, flash frozen in liquid N2, and 

stored at −80°C. To confirm protein identity, we excised mRELMα and hRETN from SDS-

PAGE gels, digested with proteases, and analyzed by liquid chromatography tandem mass 

spectrometry for peptides and sequence coverage. mRELMα and hRETN were present 

100% and 99.9% abundance, respectively.

Codon-optimized genes: Mouse Retnla:

GATGAAACGATCGAAATCATCGTGGAAAACAAAGTTAAAGAACTGCTGGCGAAC

CCGGCCAATTATCCGTCAACCGTCACGAAAACCCTGAGCTGTACGTCTGTGAAAA

CATGAATCGTTGGGCATCGTGTCCGGCTGGTATGACCGCCACCGGTTGCGCCTGT

GGTTTTGCATGTGGCAGTTGGGAAATCCAGTCCGGCGATACCTGCAACTGTCTGT

GCCTGCTGGTTGACTGGACCACGGCCCGCTGCTGTCAACTGTCT

Human RETN:

AGCTCTAAAACCCTGTGTTCCATGGAAGAAGCAATTAACGAACGTATCCAGGAAG

TCGCGGGTAGCCTGATTTTTCGCGCCATTAGTTCCATCGGCCTGGAATGTCAATCA

GTGACCTCGCGTGGTGATCTGGCAACCTGTCCGCGCGGCTTCGCTGTGACCGGTT
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GCACGTGTGGTAGCGCATGCGGCTCTTGGGATGTTCGTGCTGAAACCACGTGCCA

TTGTCAGTGTGCCGGTATGGACTGGACCGGTGCACGTTGCTGTCGTGTTCAACCG

Bacterial killing assays—Bacteria were grown in species-specific growth media: E. coli 
(ATC-PTA-7555), P. aeruginosa (ATCC27853), and C. rodentium (ATCC51459): Luria 

Broth; L. monocytogenes (BD#237500), S. pyogenes (ATCC12384), and S. aureus and S. 
aureus DCRTM (both from George Liu): Brain Heart Infusion Broth (BD Biosciences); S. 
aureus (ATCC25923) and S. epidermidis (Hooper lab clinical isolate): Tryptic Soy Broth; P. 
acnes (ATCC6919): Modified Clostridial Broth. Bacterial cultures were grown to mid-

logarithmic phase and then pelleted and washed twice in assay buffer (10 mM MES, pH 6.0, 

25 mM NaCl). Initial bacterial concentrations ranged from 105 to 106 CFU/ml. Bacteria 

were then incubated at 37°C for 2 hours in assay buffer with varying concentrations of 

recombinant protein or chicken lysozyme (LS-Bio LS-G132095–1). Colony forming units 

were quantified by dilution plating onto agar plates made from the species-specific growth 

media listed above.

Liposome disruption assay—Unilamellar lipisomes were prepared using Lipids from 

Avanti. 85% 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine or POPC (AVANTI PC 

#850457C) and 15% 1,2-dioleoyl-sn-glycero-3-phospho-L-serine or DOPS (AVANTI PS 

#840035C) dissolved in chloroform were mixed in defined molar ratios in glass tubes and 

then dried under a stream of N2, followed by drying under vacuum overnight to ensure 

complete removal of organic solvents. Dried lipids were then combined with 5(6)-

carboxyfluorescein (Sigma #21877), vortexed for 5 minutes. Lipids were then transferred to 

2-mL cryotubes and subjected to five freeze–thaw cycles in liquid N2 and stored at −80 °C. 

Lipids were then thawed and passed through a 100-nm pore membrane using a mini-

extruder kit (Avanti Polar Lipids #610000) and purified on a PD-10 column to remove 

excess dye. For cholesterol liposomes, 55% POPC, 15%DOPS, and 30% cholesterol (ovine) 

(AVANTI #700000) were used to generate liposomes. Prepared liposomes were diluted in 

assay buffer (10 mM MES, pH 5.5, 25 mM NaCl) to a working concentration of 100 μM. 

QuantaMaster 300 fluorometer (Photon Technology International) was used to monitor 

fluorescence. The protein of interest was added to the system at varying concentrations. At 

the end time point, 1% v/v n-octylglucoside detergent (OG, Anatrace #O311) was added to 

completely disrupt the liposomes. Fluorescence was measured over time in seconds and as a 

percentage of total dye release by the detergent OG.

Dye uptake assay—Streptococcus pyogenes (ATCC12384) was grown to mid-

logarithmic phase in Brain Heart Infusion Broth (BD Biosciences), washed with assay buffer 

(10 mM MES, 25mM NaCl) at pH 5.0 or pH 7.0 containing 5.5 μg/ml propidium iodide (PI) 

(Thermo Fisher; P3566). S. pyogenes samples (90 μl each) were then added to black 96-well 

Costar plates (Fisher; 07-200-567) and placed into a Spectramax plate reader (Molecular 

Devices) that was preequilibrated to 37°C. After an initial reading (T0, 0 s), 10 μl of 

Recombinant purified RELMα at varying concentrations or BSA were added and 

fluorescence output [excitation (Ex), 535 nm; emission (Em), 617 nm] was measured every 

10 minutes for 2h.
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Skin infections—The dorsal back hair was removed from C57BL6 Retnla−/− or wild-type 

male mice by shaving (Andis ProClip), followed by depilatory cream (Nair™). After 24 

hours, the dorsal skin was superficially abraded in a crosshatch pattern by a 15-blade scalpel 

(Fine Scientific Tools 10115–10). S. pyogenes (ATCC12384) or S. aureus (from George Liu) 

were grown to log phase in Brain Heart Infusion Broth (BD Biosciences) and placed on a 

gauze rectangle. The gauze was applied to the dorsal skin of Retnla−/− or wild-type mice and 

held in place with 2 tegaderm (3M 9505W) and a Band-Aid Sheer Strips (BAND-AID) for 

48 hours. The rectangular section of inoculated skin was removed and homogenized in 

sterile PBS. Colony forming units (CFUs) were analyzed by dilution plating on 

Streptococcus or S. aureus selective plates (Hardy Diagnostics A70 Selective strep agar) 

(214982 BBL™ CHROMagar™ Staph aureus). For intradermal infection, mice were 

injected with 100 μl of log phase S. pyogenes in PBS after removal of dorsal back hair. After 

48 hours, the intradermal abscess was removed from the skin and homogenized in sterile 

PBS. CFUs were calculated by dilution plating on Streptococcus selective plates. For skin 

infection studies, S. pyogenes was cultured in Todd Hewitt Broth with 0.2% yeast.

Skin pH—The skin pH of C57BL/6 wild-type and Retnla−/− mice was measured using the 

Orion Star A211 pH Meter (ThermoFisher) with the Orion 8102BNUWP probe. One drop of 

deionized water was placed on the back skin before applying the probe. Data shown are the 

average of two readings for each mouse.

16S rRNA sequencing and analysis of skin microbiomes—C57BL/6 wild-type and 

Retnla−/− littermates were separated at weaning into separate cages in order to assess for 

gene-dependent changes in the microbiota. Samples were taken and processed as described 

previously (Grice et al., 2009; Byrd et al., 2017). Briefly, DNA was obtained from the ear 

and back skin of mice and amplified using the LA Taq Hot Start polymerase kit (Takara) 

with universal primers flanking 16S rRNA gene variable regions V1 (primer 27 F; 5′-

AGAGTTTGATCCTGGCTCAG-3′) and V3 (primer 534 R; 5′-

ATTACCGCGGCTGCTGG-3′). For each sample, the universal primers were tagged with 

unique sequences (‘barcodes’) to allow for multiplexing/demultiplexing (Lennon et al., 

2010) and with Illumina adapters. PCR products were purified using the Agencourt Ampure 

XP kit (Beckman Counter Genomics) and quantified using the QuantIT dsDNA High-

Sensitivity Assay kit (Invitrogen Life Technologies). Approximately equivalent amounts of 

each PCR product were then pooled and purified on a column from the MinElute PCR 

Purification Kit (Qiagen) into 30 μl TE buffer before sequencing at the NIH Intramural 

Sequencing Center on an Illumina MiSeq platform with 2X300bp read length. As previously 

described (Conlan et al., 2012), this sequencing strategy allows resolution to the species 

level for Staphylococcus.

Mothur-based analysis pipeline was used for sequence analysis (Schloss et al., 2009). 

Briefly, sequences were pre-processed to remove primer and barcode sequence, and paired-

end reads were merged using FLASh tool (Magoc and Salzberg, 2011). Assembled reads 

were quality filtered (qaverage=35), subsampled (5,000 reads/sample), and chimeras 

identified and removed with UCHIME (Edgar et al., 2011). Next, reads were aligned and 

classified to genus level using a ribosomal database project naïve Bayesian classifier (Wang 
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et al., 2007). Operational taxonomic units (OTUs) were defined at 97% similarity using 

average neighborhood clustering. Principal coordinate analysis (PCoA) was performed 

based upon the Theta distance between samples measuring OTU abundance (Yue and 

Clayton, 2005).

16S rRNA of fecal sequencing and analysis of fecal microbiomes—The 

hypervariable regions V3 and V4 of the bacterial 16S rRNA gene were captured using the 

Illumina Nextera protocol (Part # 15044223 Rev. B). A single amplicon of ~460 bp was 

amplified using the 16S Forward and Reverse Primers as described in the Illumina protocol. 

The PCR product was cleaned up using Agencourt AmpureXP beads from Beckman 

Counter Genomics. Illumina adapter and barcode sequences were ligated to the amplicon in 

order to attach them to the MiSeqDx flow cell and for multiplexing. Quality and quantity of 

each sequencing library was assessed using Bioanlayzer and picogreen measurements, 

respectively. Approximately 6 pM of pooled libraries was loaded onto a MiSeqDX flow cell 

and sequenced using PE300 (Paired end 300 bp) v3 kit. Raw fastq files were demultiplexed 

based on unique barcodes and assessed for quality. Samples with more than 50K QC pass 

sequencing reads were used for downstream 16S OTU analysis.

Taxonomic classification and Operational taxonomic units (OTUs) abundance analysis was 

done using the CLC Bio Microbial Genomics Module (https://

www.qiagenbioinformatics.com/plugins/clc-microbial-genomics-module/). Individual 

sample reads were annotated with the Greengene database and taxonomic features were 

determined. Alpha and beta diversity were calculated to understand the within and between 

sample diversity, respectively.

DATA AVAILABILITY

RNAseq data (Figures 1A, S1, and S6) have been submitted to the Gene Expression 

Omnibus with an accession number: GSE108718. 16S rRNA gene sequencing data (Figures 

3 and S5) have been submitted to the Sequence Read Archive (SRA) with BioProject IDs: 

PRJNA527213 and PRJNA528925.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments can be found in the figure legends, including how 

significance was defined and the statistical methods used. Data represent mean ± standard 

error of the mean. Numbers of experiments noted in figure legends reflect independent 

experiments that were performed on different days. No method was used to predetermine 

sample size. Blinding was not performed for these experiments. Formal randomization 

techniques were not used; however, mice were allocated to experiments randomly and 

samples processed in an arbitrary order. Skin samples that were determined to be in the 

anagen portion of the hair cycle were excluded. All statistical analyses were performed with 

GraphPad Prism software. To assess the statistical significance of a difference between two 

treatments, we used two-tailed Student’s t-tests (when a parametric test was appropriate) or 

Welch’s tests (when the data were normally distributed but variances were unequal among 

treatments). One-tailed student’s t-test was used when the null hypothesis was that treatment 

did not stimulate Retlna expression in mouse skin. To assess the statistical significance of 
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differences between more than two treatments, we used one-way ANOVAs. The Kruskal-

Wallis test was used when the data in any treatment group significantly deviated from 

normality or variances were unequal among treatments. The only mice excluded from 

experiments were mice that died during the course of experimentation. A single mouse in 

Figure 6F from the VAD group died on day 1 of infection and was excluded.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Skin microbiota induces epidermal RELMα, which kills bacteria via 

membrane disruption

• RELMα-deficient mice have altered skin microbiota and are more susceptible 

to infection

• Dietary vitamin A is required for RELMα expression

• RELMα is required for vitamin A-dependent resistance to skin infection
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Figure 1: RELMα is expressed in the skin and expression is induced by the microbiota.
(A) Heatmap comparing transcript abundances in the skin of germ-free mice (n=6) and 

germ-free mice after topical exposure to Staphylococcus aureus (n=3). Transcript abundance 

was determined by RNAseq. The heatmap shows expression levels (log10(FPKMs+0.1)) 

ordered by transcript abundance. Retnla is highlighted in red.

(B) qRT-PCR analysis of skin Retnla expression in germ-free mice and germ-free mice after 

exposure to S. aureus for 3 days.

(C) qRT-PCR analysis of skin Retnla expression in germ-free mice, germ-free mice exposed 

to a conventional microbiota for 4 days (conv-D), or mice from a conventional facility 

(conv-L).

(D) Immunofluorescence detection of RELMα in mouse skin. Epidermis (arrow, above 

dashed line) and sebaceous gland (arrowhead, inside dashed line) are indicated.

(E) Immunofluorescence detection of RETN in human skin.
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(F) Fluorescence in situ hybridization (FISH) detection of RETN in human skin. Defa5 
staining as negative control. Nuclei are stained with DAPI. Scale bars, 25 μm. Epidermis 

above dashed line. SG= sebaceous gland. Epi=Epidermis. Means±SEM are plotted; *P<0.05 

as determined by one-tailed Welch’s t-test.

See also Figure S1, Figure S2, and Table S1.
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Figure 2: RELMα kills bacteria by disrupting their membranes.
(A) Purified recombinant mRELMα or hRETN was added to mid-logarithmic phase 

Streptococcus pyogenes for 2 hours and surviving bacteria were quantified by dilution 

plating. Colony forming units (CFUs) are expressed as a percentage of untreated bacteria.

(B) 2.5 μM of mRELMα or hRETN was added to mid-logarithmic phase bacteria for 2 

hours and surviving bacteria were quantified by dilution plating. Means±SEM are plotted.

(C) Antibacterial efficacy of mRELMα and hRETN against wild-type S. aureus and an 

isogenic S. aureus mutant that lacks staphyloxanthin (ΔCRTM). Means±SEM are plotted. 

*P<0.05 **P<0.01 by paired Student’s t-test.

(D) Carboxyfluorescein (CF)-loaded liposomes were exposed to 5 μM mouse RELMα. Dye 

efflux was measured over time and is expressed as a percentage of maximal efflux in the 

presence of the detergent octylglucoside (OG).

(E) Percentage of dye release for varying doses of RELMα at the 500s time point.
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(F) Propidium iodide uptake by S. pyogenes in the presence of increasing concentrations of 

mRELMα. Assays were performed in triplicate. All results are representative of at least two 

independent experiments.

See also Figure S3 and S4.
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Figure 3: Mice lacking RELMα have an altered skin microbiota.
(A) Retnla−/− and wild-type littermates were separated at weaning into separate cages for at 

least 8 weeks, and skin samples were taken from the dorsal surface. Skin microbiota 

compositions were determined by 16S rRNA analysis and are plotted on a principle 

coordinate analysis (PCoA) plot.

(B) Relative abundances of bacterial genera in wild-type and Retnla−/− mice respectively.

(C) Relative abundance of coagulase negative Staphylococcus and Streptococcus species on 

the dorsal flank of wild type compared to Retnla−/− mice. Means±SEM are plotted *P<0.05 

by Welch’s t-test.

See also Figure S4 and S5.
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Figure 4: Mice lacking RELMα are more susceptible to bacterial infection.
(A,B) S. pyogenes (A) or wild-type or staphyloxanthin-deficient (ΔCRTM) Staphylococcus 
strains (B) were grown to logarithmic phase and applied on a gauze rectangle to the dorsal 

skin of Retnla−/− or wild-type mice under occlusion for 2 days. CFU were determined in 

sections of inoculated skin.

(C) S. pyogenes was injected intradermally into the skin of Retnla−/− or wild-type mice. 

Skin abscesses were removed and CFU were determined. Each symbol represents one 

mouse. Means±SEM are plotted *P<0.05; ***P<0.001; ns=not significant by Welch’s t-test 

(A,B) or unpaired t-test (C).
See also Figure S4.
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Figure 5: Vitamin A is required for RELMα expression.
(A) RAR binding to the human RETN promoter was measured by chromatin 

immunoprecipitation (ChIP) with an anti-RAR antibody. Predicted retinoic acid response 

elements (RAREs) were identified by in silico analysis using NUBIScan (Podvinec et al., 

2002) and are indicated by an asterisk (*). Predicted RARE sequences are shown in Figure 

S6. Data are representative of two independent experiments.

(B) qRT-PCR analysis of human RETN expression in the human sebocyte cell line SZ95. 

Cells were treated with retinol, IL-1β, the pan-RAR inhibitor BMS493, or a combination.

(C) Mice on a Vitamin A deprived diet express less Retnla transcript. qRT-PCR analysis of 

Retnla expression in the skin of mice on a control or vitamin A-deficient (VAD) diet 

administered for 9 weeks or 13 weeks.

(D,E) Mice on a Vitamin A deprived diet express less RELMα protein. Western blot 

detection of RELMα in skin of mice fed a control or VAD diet (D), with quantification (E).
(F) FISH detection of Retnla in mouse skin shows decreased Retnla transcripts in sebaceous 

glands (dashed line) of VAD diet-fed mice. Scale bar, 25 μm. Data are representative of at 

least two experiments. *P<0.05, **P<0.01,***P<0.001 by One-way ANOVA (B, C); 
unpaired t-test (E).
See also Figure S6, Table S1, and Table S2.
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Figure 6: RELMα provides vitamin A-dependent antimicrobial protection of the skin.
(A,B) Treatment of mice with the synthetic retinoid isotretinoin (ISO) for 3 days increases 

the abundance of transcripts encoding RELMα (A) and a known target of retinoids, retinoic 

acid receptor β (B).
(C,D) Western blot of mouse RELMα expression in the skin of wild-type mice treated orally 

with the synthetic retinoid isotretinoin (ISO) or vehicle (C) with quantification in (D).
(E) qRT-PCR analysis of mouse Retnla expression in the skin of mice on a control diet, a 

VAD diet, or a VAD diet supplemented with ISO.

(F) Mid-logarithmic phase S. pyogenes was injected intradermally into the skin of mice on a 

control diet, VAD diet, or VAD diet rescued with ISO. Skin abscesses were removed and 

CFU were determined.

(G) qRT-PCR analysis of mouse Retnla expression in the skin of wildtype or Retnla−/− mice 

treated orally by gavage with ISO or vehicle. nd, not detected.
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(H) Mid-logarithmic phase S. pyogenes was injected intradermally into the skin of wild-type 

or Retnla−/− mice treated by gavage with ISO or vehicle. Each symbol represents one mouse. 

Means±SEM are plotted. (A-G) Data are representative of at least two experiments. (H) 
Each graph represents an independent experiment. One-way ANOVA (G); Welch’s t-test 

(C); unpaired t-test (A,B,H); Kruskal-Wallis test (E,F). *P<0.05, **P<0.01, ***P<0.001, 

ns=not significant.

See also Figure S4 and Table S1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-RELMα Life Span Cat# LS-C104472; RRID:AB_2180030

anti-RETN Life Span Cat# LS-C131843–100; RRID:AB_10834395

anti-RELMα Abcam Cat# ab39626, RRID:AB_777652

Alexa Fluor® 594 secondary antibody Thermo Fisher Scientific Cat# R37119, RRID:AB_2556547

Anti-Actin Sigma-Aldrich Cat# A5060, RRID:AB_476738

Bacterial and Virus Strains

Staphylococcus aureus ATCC ATCC 25923

Escherichia coli K-12 ATCC ATC-PTA-7555

Pseudomonas aeruginosa ATCC ATCC 27853

Listeria monocytogenes, EGD-e BD Biosciences BD# 237500

Staphylococcus epidermidis, clinical isolate Hooper Lab N/A

Streptococcus pyogenes ATCC ATCC12384

Propionibacterium acnes ATCC ATCC 6919

Staphylococcus aureus (parent strain) Dr. George Liu N/A

Staphylococcus aureus (ΔCRTM) Dr. George Liu N/A

Citrobacter rodentium, DBS100 ATCC ATCC 51459

Biological Samples

Human skin tissue-Control samples UT Southwestern Tissue 
Bank/PI: Ben Chong M.D. STU 082010–241

Chemicals, Peptides, and Recombinant Proteins

RIPA buffer Thermo Fisher Scientific Cat# 89900

DAPI Fluoromount-G® Southern Biotechnology Cat# 0100–2

cOmplete™ Protease Inhibitor Cocktail Sigma-Aldrich Cat# 11697498001

Sebomed® Basal Medium Merck Cat# F8205

Fetal Bovine Serum Gibco Cat# 10082147

Retinol Sigma-Aldrich Cat# R7632

IL-1β Thermo Fisher Scientific Cat# 10139HNAE

BMS493 TOCRIS Cat# 3509

Magna protein A beads Millipore Cat#16–661

Vitamin A Deficient Diet ENVIGO TD.09838

Control diet (to Vitamin A) ENVIGO TD.09839

13-cis retinoic acid Sigma-Aldrich Cat# R3255

Corn oil Sigma-Aldrich Cat# C8267

One Shot TOP10 competent cells Thermo Fisher Scientific Cat# C404010

BL21 DE3RIL cells Agilent Cat#230245

chicken lysozyme LS-Bio LS-G132095–1

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine or POPC AVANTI Cat #850457C
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REAGENT or RESOURCE SOURCE IDENTIFIER

1,2-dioleoyl-sn-glycero-3-phospho-L-serine or DOPS AVANTI Cat #840035C

cholesterol (ovine) AVANTI Cat # 700000

PD-10 Column Sigma-Aldrich GE17-0851-01

5(6)-carboxyfluorescein Sigma-Aldrich Cat # 21877

n-octylglucoside Anatrace Cat # O311

propidium iodide (PI) Thermo Fisher Scientific Cat# P3566

96-well Costar plates Fisher Cat # 07-200-567

Ni-NTA column Qiagen Cat#30210

Nair Depilatory cream Nair N/A

S. aureus selective plates Hardy Diagnostics Cat#A70

CHROMagar™ Staph aureus BBL™ Cat# 214982

Agencourt AmpureXP beads Beckman Counter Genomics Cat# A63881

15-blade scalpel Fine Scientific Tools Cat#10115–10

Tegaderm 3M 9505W Cat# 3M 9505W

Band-Aid Sheer Strips BAND-AID N/A

Andis ProClip ProClip N/A

human epidermal growth factor Thermo Fisher Scientific Cat# PHG0313

Critical Commercial Assays

TruSeq ChIP Sample Prep Kit Illumina Cat# IP-202–1012

RNAeasy Plus universal kit Qiagen Cat# 73404

LA Taq Hot Start polymerase kit Takara Cat# RR042B

mini-extruder kit Avanti Polar Lipids Cat #610000

Truseq RNA sample preparation kit v2 Illumina Cat#-RS-122–2001

High Capacity cDNA reverse transcription kit Thermo Fisher Scientific Cat# 4368814

KOD Hot Start Polymerase kit Millipore Cat #71086

QIAprep Spin Miniprep kit Qiagen Cat#27106

Agencourt Ampure XP kit Beckman Counter Genomics Cat# A63881

QuantIT dsDNA High-Sensitivity Assay kit Thermo Fisher Scientific Cat#Q33120

MinElute PCR Purification Kit Qiagen Cat#28006

PE300 (Paired end 300 bp) v3 kit Illumina Cat# MS-102–3001

Quick PCR purification kit Qiagen Cat# 28104

Deposited Data

RNA-seq data This paper GEO: GSE108718
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108718

16S rRNA skin data This paper (SRA) BioProject ID PRJNA527213
https://www.ncbi.nlm.nih.gov/bioproject

16S rRNA fecal data This paper (SRA) BioProject ID PRJNA528925
http://www.ncbi.nlm.nih.gov/bioproject/528925

Experimental Models: Cell Lines

SZ95 Cell Line Christos Zouboulis RRID:CVCL_9803

Experimental Models: Organisms/Strains
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: C57BL/6 UT Southwestern RRID: IMSR_JAX:008471

Mouse: Retnla−/− This paper N/A

Oligonucleotides

Real-time quantitative PCR primers Thermo Fisher Scientific Table S1

Chromatin immunoprecipitation (ChIP) assay primers Integrated DNA Technologies Table S2

mRELMα expression cloning Forward Primer
GGATACCATATGGATGAAACGATCGAAATCATCG Integrated DNA Technologies Custom Primer

mRELMα expression cloning Reverse Primer
GATGATGGATCCTTAAGACAGTTGACAGCAGCGGGC Integrated DNA Technologies Custom Primer

hRETN expression cloning Forward Primer
GGATACCATATGCGCTCTAAAACCCTGTGTTCC Integrated DNA Technologies Custom Primer

hRETN expression cloning Reverse Primer
GATGATGGATCCTTACGGTTGAACACGACAGCAACG Integrated DNA Technologies Custom Primer

RETN-FISH: spanning exon 2 and exon 3 of the human 
Retn mRNA.
5’-/5Alexa594N/GCT TAT TGC CCT AAA TAT TAG 
GGA GCC GGC GAC CTC C/3Alexa594n/-3’

Integrated DNA Technologies Custom Oligonucleotide

Defa5-FISH:
5’-/5Alexa488N/CTG GTC CTC TTC CCC TGG CTG 
CTC CTC AGT ATT AGT/3Alexa488n/-3’

Integrated DNA Technologies Custom Oligonucleotide

Retnla-FISH: spanning exon 2 and exon 3 of the mouse 
Retnla mRNA
5’-/5Alexa594N/CAG TGG AGG GAT AGT TAG CTG 
GAT TGG CAA GAA GTT CC/3Alexa94n/-3’

Integrated DNA Technologies Custom Oligonucleotide

16S V1 (primer 27 F; 5′-
AGAGTTTGATCCTGGCTCAG-3′) (Grice et al., 2008) N/A

16S V3 (primer 534 R; 5′-ATTACCGCGGCTGCTGG-3′) (Grice et al., 2008) N/A

Recombinant DNA

pET28a expression vector Millipore Cat#69864

Software and Algorithms

Fiji (ImageJ) http://fiji.sc RRID:SCR_002285

GraphPad PRISM GraphPad Software Version 7.0; RRID:SCR_002798

TopHat Top Hat Version 2.1.1; RRID:SCR_013035

Mothur Mothur RRID:SCR_011947

UCHIME UCHIME RRID:SCR_008057

Illumina Nextera protocol Illumina Part # 15044223 Rev. B

CLC Bio Microbial Genomics Module Qiagen https://www.qiagenbioinformatics.com/plugins/clc-microbial-genomics-module/).

Image Lab Software BioRad RRID:SCR_014210

Other

Bio-Rad ChemiDoc™ Touch system BioRad Cat# 1708370

Zeiss Axio Imager M1 microscope Zeis N/A

Discover Echo REVOVLE 4 Discover Echo N/A

QuantStudio 7 Flex Real-Time PCR System Applied Biosystems Cat# 4485701

Agilent 2100 Bioanalyzer Agilent G2939A

Ultrasonic Cell Disruptor Misonix N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Amicon Ultra centrifugal filters Millipore Cat#UFC900324

Superdex 75/300 GE Healthcare Cat #17-5174-01

PTI-QuantaMaster 300 fluorometer Horiba N/A

Spectramax plate reader Molecular Devices N/A

Illumina MiSeq platform Illumina RRID:SCR_016379

Illumina HiSeq 2500 Illumina RRID:SCR_016383

Cell Host Microbe. Author manuscript; available in PMC 2020 June 12.


	Abstract
	eTOC blurb
	Graphical Abstract
	Introduction
	Results
	RELMα is expressed in the skin and expression is induced by the microbiota.
	RELMα kills bacteria by disrupting their membranes
	Mice lacking RELMα have an altered skin microbiota
	Mice lacking RELMα are more susceptible to bacterial infection
	Vitamin A is required for RELMα expression
	RELMα provides vitamin A-dependent antimicrobial protection in the skin

	Discussion
	STAR Methods
	CONTACT FOR REAGENT AND RESOURCE SHARING
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Mice
	Bacterial strains
	Sebocyte cell culture

	METHOD DETAIL
	SImmunofluorescence
	Fluorescence in situ hybridization (FISH)
	Quantitative real-time PCR
	Whole transcriptome sequencing and data analysis
	Western blot
	Sebocyte cell culture
	Chromatin immunoprecipitation (ChIP) assays.
	Vitamin A deprivation
	Treatment with therapeutically-administered retinoids
	Protein expression and refolding
	Codon-optimized genes:
	Bacterial killing assays
	Liposome disruption assay
	Dye uptake assay
	Skin infections
	Skin pH
	16S rRNA sequencing and analysis of skin microbiomes
	16S rRNA of fecal sequencing and analysis of fecal microbiomes

	DATA AVAILABILITY
	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Table T1

