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CCL27 is a crucial regulator of immune
homeostasis of the skin and mucosal tissues

Micha L. Davila,1,2 Ming Xu,2 Chengyu Huang,2 Erin R. Gaddes,3 Levi Winter,4 Margherita T. Cantorna,4

Yong Wang,3 and Na Xiong2,5,6,*

SUMMARY

Abundant immune cells reside in barrier tissues. Understanding the regulation of
these cells can yield insights on their roles in tissue homeostasis and inflammation.
Here, we report that the chemokine CCL27 is critical for establishment of resident
lymphocytes and immune homeostasis in barrier tissues. CCL27 expression is asso-
ciated with normal skin and hair follicle development independent of commensal
bacterial stimulation, indicative of a homeostatic role for the chemokine. Accord-
ingly, in the skin ofCCL27-knockoutmice, there is a reducedpresence anddysregu-
lated localization of T cells that express CCR10, the cognate receptor to CCL27.
Besides, CCL27-knockout mice have overreactive skin inflammatory responses in
an imiquimod-induced model of psoriasis. Beyond the skin, CCL27-knockout mice
have increased infiltration of CCR10+ T cells into lungs and reproductive tracts,
the latter of which also exhibit spontaneous inflammation. Our findings demon-
strate that CCL27 is critical for immune homeostasis across barrier tissues.

INTRODUCTION

Barrier tissues, including the skin and mucosa, harbor a diverse complement of immune cells. These tissue-

resident immune cells protect against various assaults and help tissue development and function. Under-

standing molecular mechanisms regulating their migration and maintenance of tissue-resident immune

cells may yield insight into their contributions to tissue homeostasis and inflammation.

Chemokines are small chemoattractive proteins that, together with their cognate receptors, regulate im-

mune cell localization and function. CCL27 (also called ESkine, ALP, ILC, or CTACK) is a chemokine pre-

dominantly expressed by skin keratinocytes (Baird et al., 1999; Homey et al., 2000b; Hromas et al., 1999;

Ishikawa-Mochizuki et al., 1999; Morales et al., 1999). The majority of skin-resident lymphocytes, including

T cells and innate lymphoid cells (ILCs), express CCR10, the only known receptor for CCL27 (Homey et al.,

2000b; Jarmin et al., 2000; Xiong et al., 2012; Yang et al., 2016). The CCL27/CCR10 axis was initially sug-

gested to regulate inflammatory T cell infiltration into the skin (Homey et al., 2002). However, studies using

CCR10-knockout (KO) mice found that CCR10 is dispensable for the migration of T cells into inflamed skin

(Tubo et al., 2011; Xia et al., 2014). Our lab found that CCR10-KO mice have dysregulated presence of reg-

ulatory T (Treg) cells and effector T (Teff) cells in the skin and have increased inflammatory responses in

several induced skin disease models, suggesting that the CCL27/CCR10 axis primarily functions in helping

establishment of tissue-resident lymphocytes and maintenance of skin immune homeostasis (Fu et al.,

2016; Jin et al., 2010; Li et al., 2021; Xia et al., 2014; Yang et al., 2016, 2020).

Consistent with the suggestion that the CCL27/CCR10 axis is primarily involved in skin immune homeosta-

sis, CCL27 expression is associated with normal skin development and keratinocyte differentiation (Mildner

et al., 2014). In the healthy skin, CCL27 expression was predominantly detected in keratinocytes of the

epidermis and hair follicles (HF) in both humans and mice (Homey et al., 2002; Joost et al., 2016; Mildner

et al., 2014; Simonetti et al., 2004). CCL27 expression is suppressed in the lesional skin of various skin in-

flammatory diseases such as psoriasis, hidradenitis suppurativa (HS), and alopecia areata (Fletcher et al.,

2020; Gudjonsson et al., 2010; Hotz et al., 2016; Kelly et al., 2015; Quaranta et al., 2014; Riis et al., 2011a;

Simonetti et al., 2004). We recently found that trans-epidermal injection of exogenous CCL27 into the

skin reduces imiquimod (IMQ)-induced skin inflammation in mice, suggesting a role of CCL27 in skin ho-

meostatic regulation (Li et al., 2021). Previous studies found that cytokines, such as TNFa, IL-1b, IFNg,

and IL-17A, differentially regulate CCL27 expression in cultured keratinocytes, consistent with clinical
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observations that CCL27 expression is affected by inflammatory conditions (Kanda et al., 2005; Karakawa

et al., 2014; Morales et al., 1999; Riis et al., 2011b). Poly-I:C and flagellin were also shown to induce

CCL27 expression in cultured keratinocytes, suggesting that bacteria or viruses drive CCL27 expression

(Lebre et al., 2007). However, the in vivo function of CCL27 in the skin is unclear up to date.

CCL27 has also been detected inmucosal sites of lungs and reproductive tracts (Menzies et al., 2020;Qiu et al.,

2008; Sennepinet al., 2017;Wicket al., 2008). Lungsharbor a small fractionofCCR10-expressingTcells and ILCs

(Weston et al., 2019), whereas some othermucosal sites, such as intestines, do not haveCCR10+ T cells (Kunkel

et al., 2003; Zhao et al., 2020). Instead, IgA antibody-secreting plasma cells are the major type of immune cells

that express CCR10 in the mucosal sites (Hu and Xiong, 2013; Kunkel et al., 2003). The migration of these

CCR10+ plasma cells into mucosal tissues is mostly mediated by the chemokine CCL28, another ligand for

CCR10 preferentially expressed by mucosal tissues (Burkhardt et al., 2019; Lazarus et al., 2003; Matsuo et al.,

2018; Wang et al., 2000). The functional importance of CCL27 within mucosal tissues is unknown.

Studying CCL27 has largely been impeded by the lack of in vivo models. The generation of CCL27-

knockout (KO) mice is complicated by the existence of gene duplications in commonly used inbred strains

of mice. An early study identified CCL27a and CCL27b genes in C57BL/6 mice (Nakano and Gunn, 2001),

and genomic sequencing of C57BL/6 mice revealed presence of the third CCL27 gene, GM13306 (https://

www.ncbi.nlm.nih.gov/gene/100039863) (Shibata et al., 2013). It is not clear whether the CCL27 gene du-

plicates are functional. In addition, high levels of CCL27 in the skin limit the efficacy of antibody neutrali-

zation and mouse models of skin inflammatory disease utilizing this technique have yielded inconsistent

results (Homey et al., 2002; Mirshahpanah et al., 2008; Reiss et al., 2001).

In this report, we found that CCL27 expression in the skin is independent of commensal bacterial stimula-

tion. Using a line of mice with all CCL27 genes knocked-out, we provided direct evidence that CCL27 is

important in the establishment of CCR10+ resident Treg and Teff cells in the skin. Beyond the skin, we found

that the CCL27-KO mice had increased infiltration of CCR10+ T cells in lungs and reproductive tracts, the

latter of which displayed signs of increased inflammation. These findings establish CCL27 as a critical regu-

lator of immune homeostasis in the skin and mucosal tissues.

RESULTS

Expression of CCL27 by skin keratinocytes is developmentally programmed

In line with an age-associated increase of CCL27 expression in the human skin (Mildner et al., 2014), immuno-

fluorescent staining with anti-CCL27 antibodies showed an increase of CCL27 expression in the skin of mice

following birth, with significant staining at 2 weeks (Figures 1A and S1A). CCL27 was found in the epidermis

and HF (Figures 1A and S1A), consistent with previous reports (Homey et al., 2002; Joost et al., 2016; Mildner

et al., 2014; Simonetti et al., 2004). In adult mice, CCL27 expression in the HF was higher at the growth phase

(anagen) than at the resting phase (telogen) (Figure 1B). Because CCL27 is a secreted protein, the anti-CCL27

immunofluorescent staining displayed a diffused pattern. To confirm that epidermal and HF keratinocytes ex-

pressed CCL27, we performed in situ hybridization staining of skin sections with an anti-sense CCL27-specific

RNA probe. Keratinocytes of the epidermis and HF, particularly the upper HF, expressed CCL27 transcripts

based on the in situ hybridization analysis (Figures 1C and S1B), consistent with a reported single cell RNA-seq

(scRNA-seq) study (Joost et al., 2016) (http://linnarssonlab.org/epidermis/).

Although CCL27 expression is associated with the normal skin and HF development, it has been reported

that stimulation of TLRs with bacterial components upregulates CCL27 expression in cultured keratinocytes

(Lebre et al., 2007). To investigate whether CCL27 expression in the skin was dependent upon commensal

bacterial stimulation, we compared CCL27 expression in the skin specific pathogen-free (SPF) versus germ-

free (GF) mice and found that they had similar levels of the CCL27 expression at both young and adult ages

(Figures 1D and 1E). These results indicate CCL27 expression is developmentally driven independent of

commensal bacterial stimulation.

CCL27a-knockout had little effect on establishment of CCR10+ lymphocytes in the skin

To test whether CCL27 was integral to the establishment of the skin-resident lymphocyte repertoire by at-

tracting CCR10+ lymphocytes, we analyzed CCL27a-knockout (CCL27a�/�) mice, in which the coding

sequence for the CCL27a gene is deleted, whereas its duplicate genes CCL27b andGm13306 remain intact

(Figures S2A and S2B). There was no significant difference in percentages of CD4+, CD8+, or gdT cells.
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There was marginal reduction of Treg cells in the skin of CCL27a�/� mice compared to CCL27a+/+ or

CCL27a+/� mice (Figures 2A and 2B). To determine the effect of CCL27a-KO on CCR10+ lymphocytes,

we crossed CCL27a-KO mice to a CCR10-EGFP reporter mouse line (CCL27a�/�CCR10+/EGFP) (Jin et al.,

2010). However, there was no significant difference in percentages of CCR10(EGFP)+ Treg or other T cell

subsets in the skin of CCL27a�/�CCR10+/EGFP and CCL27a-sufficient control mice (Figures 2C and 2D).

Immunofluorescent staining and real-time RT-PCR analyses still detected a significant level of CCL27

Figure 1. Preferential localization of CCR10+ lymphocytes around growing hair follicles correlates with high

CCL27 expression by follicular keratinocytes

(A) Representative immunofluorescent skin sections (14mm) stained with anti-CCL27 antibody. The dashed lines mark the

epidermal surface of the skin. N = 7 mice for D0, 1 week, and adult ages, six mice for 2 weeks.

(B) Immunofluorescent microscopic images of anti-CCL27 antibody-stained skin sections (14mm) at resting (telogen) and

growing (anagen) phases of HF cycling in adult mice. N = 3 mice for each phase.

(C) Fluorescent images (7mm) representative of skin at telogen and anagen phases of hair follicle cycling stained by in situ

hybridization with an antisense CCL27 RNA probe or a nonspecific RNA probe as the control. The control probe

recognizes the DapB gene (accession # EF191515) of a soil bacterial strain Bacillus subtilis SMY. N = 3 mice per HF cycle

phase. N = 3 mice for each phase.

(D) Anti-CCL27 antibody immunofluorescent staining images of 14mm skin sections of SPF and GF mice.

(E) Real-time RT-PCR analysis of CCL27 expression in the skin of SPF and GF mice, normalized to b-actin. N = 5 mice for

2-week-old GF, seven for 2-week-old SPF, seven for adult GF, and five for adult SPF. Unpaired one-tailed t-test.

ll
OPEN ACCESS

iScience 25, 104426, June 17, 2022 3

iScience
Article



expression in the skin of CCL27a�/� mice as a result of CCL27b and/or Gm13306 expression (Figures S2C

and S2D). These results show that CCL27a-knockout has little effect on establishment of skin lymphocytes,

likely because CCL27b and/or Gm13306 genes are still expressed.

Severely impaired migration of CCR10+ lymphocytes into the skin of total CCL27-knockout

mice

We then generated total CCL27-KO (CCL27�/�) mice using CRISPR to target the exon II shared by all three

CCL27 genes. CCL27�/� mice had a 126bp insertion and a 3bp deletion in CCL27a, a 1bp insertion in

Gm13306, and a 4524bp deletion in CCL27b at their respective exon II regions (Figures 3A and 3B).

CCL27�/� mice had no specific antibody staining for CCL27 in the skin, confirming that CCL27 protein

was not expressed (Figure 3C). To determine whether the lack of CCL27 impairedmigration of CCR10+ lym-

phocytes, we transferred cells from the skin-draining lymph nodes (sLN) of CCR10+/EGFP mice, which con-

tained a small fraction of CCR10(EGFP)+ lymphocytes, into CCL27�/� and WT littermates and analyzed the

donor cells in the skin two days after transfer. Most donor cells in the skin of recipient mice expressed

CCR10(EGFP), whereas few donor cells in the spleen of recipients did, suggesting that only CCR10+ donor

cells migrate into the skin (Figure 3D). There were significantly fewer donor cells in the skin of CCL27�/�

recipients than of WT recipients (Figures 3D and 3E), demonstrating that CCL27 is critical for efficient

migration of CCR10+ lymphocytes into the skin.

Impaired establishment and dysregulated localization of CCR10+ lymphocytes in the skin of

CCL27�/� mice

We then analyzed the skin CCR10+ lymphocyte repertoire in detail in CCL27�/�CCR10+/EGFP mice.

Compared to CCL27+/+CCR10+/EGFP littermates, two week-old CCL27�/�CCR10+/EGFP mice had

Figure 2. CCL27a-knockout has little effect on the establishment of CCR10+ lymphocytes in the skin

(A) Representative FC analysis of gated skin CD45+ immune cells for T cell subsets and ILCs in adult CCL27a�/� and CCL27a+/+ mice.

(B) Percentages of T cell and ILC populations from CCL27a�/� versus CCL27a+/+ or CCL27a+/� adult mouse skin. N = 7 mice each for CCL27a�/� and control

groups. Unpaired one-tailed Student’s t-test.

(C) Representative FC analysis of skin T cell subsets and ILCs from adult CCL27�/�CCR10+/EGFP and CCL27a+/+CCR10+/EGFP mice gated for their

CCR10(EGFP)+ subpopulations. CD8+ and CD4+ T cells are gated on CD8+ and CD4+ CD45+Thy1.2+CD3int+ populations respectively. ILCs are

CD45+Th1.2+CD3�. gdT cells are CD45+Thy1.2+CD3int+TCRd+ (excluding CD3high dendritic epidermal gdT cells).

(D) Comparative percentages of CCR10+ subsets of indicated skin lymphocyte populations from CCL27a�/�CCR10+/EGFP versus CCL27a+/+CCR10+/EGFP or

CCL27a+/�CCR10+/EGFP adult mice. N = 6 mice each for CCL27a�/� and control group. Unpaired one-tailed Student’s t-test.
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significantly reduced numbers of abT cells in the skin (Figures 4A and S3A), whereas their numbers of skin

gdT cells or innate lymphoid cells (ILCs) were not statistically different (Figures S3A and S3B). However, per-

centages of CCR10(EGFP)+ Treg, abT, gdT cells, and ILCs were all reduced in the skin of two week-old

CCL27�/�CCR10+/EGFP mice compared to their corresponding CCL27+/+CCR10+/EGFP controls (Figure 4B).

Similarly, adult CCL27�/�CCR10+/EGFP mice had significantly reduced numbers of abT cells but not gdT or

ILCs in the skin compared to their WT controls (Figures 4C, S3C, and S3D). However, percentages of

CCR10(EGFP)+ Treg, CD8+ T, CD4+ T, gdT, and ILCs were also all reduced in CCL27�/�CCR10+/EGFP

mice compared to CCL27+/+CCR10+/EGFP controls (Figure 4D). Associated with this, numbers of CCR10+

CD4+ and CD8+ T cells were also significantly reduced in CCL27�/�CCR10+/EGFP mice (Figure S3E). These

Figure 3. Severely impaired migration of CCR10+ lymphocytes into the skin of total CCL27-knockout mice

(A) Diagram of CRISPR targeting in total CCL27-knockout mice.

(B) Genomic PCR identifying wild-type (+/+), heterozygous (+/�), and homozygous (�/�) total CCL27-KO mice. Band

sizes of wild-type and knockout CCL27 alleles are 484 and 607bp, respectively.

(C) Immunofluorescent a-CCL27 antibody staining images on 10mm skin sections from CCL27+/+ and CCL27�/� mice.

Staining with a nonspecific goat IgG antibody or the secondary antibody (20 Ab) only is included as controls. The dashed

lines mark the surface of the skin. N = 3 mice for each genotype.

(D) FC analysis of CD45+ cells from the skin and spleen of CCL27+/+ and CCL27�/� recipient mice two days after receiving

transfer of sLN cells of CCR10+/EGFP mice. Donor-derived CCR10(EGFP)+ lymphocytes are gated on CD45.1+ cells. N = 6

mice for each group.

(E) Total numbers (#) of donor cells and percentages (%) of donor cells that express CCR10(EGFP) in the skin and spleen of

CCL27+/+ and CCL27�/� recipient mice. N = 6 mice for each group. *p < 0.05; **p < 0.01; ns: no significant difference.

Paired one-tailed t-test.
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results demonstrate that CCL27-KO predominantly impairs establishment of CCR10+ T cells and ILCs in the

skin.

Because CCL27 is preferentially expressed in the upper HF of the skin (Figure 1), we assessed whether

CCL27-KO also affected the localization of CCR10+ lymphocytes to this region. Compared to

CCL27+/+CCR10+/EGFP mice, CCL27�/�CCR10+/EGFP mice had a lower frequency of CCR10(EGFP)+ innate

lymphocytes and T cells localized close to hair follicles but a higher percentage of them localized below hair

follicles (Figures 4E and 4F), indicating that CCL27 is critical for efficient migration and localization of

CCR10+ lymphocytes into specific niches of the skin microstructures.

We further assessed effects of CCL27-KO on the cytokine secretion profiles by CCR10+ skin T cells and ILCs.

There were no significant difference in production of IL-17A or IFNg by total or CCR10(EGFP)+ skin ILCs,

CD8+, CD4+, and gd T cells of CCL27�/�CCR10+/EGFP and control CCL27+/+CCR10+/EGFP mice, whereas

there was a small (<5%) increase in the percentage of IL-10-expressing skin CD4+ T cells in

Figure 4. Impaired establishment and dysregulated localization of CCR10+ lymphocytes in the skin of CCL27�/�

mice

(A and B) Numbers of abT cells (A) and percentages of CCR10(EGFP)+ Treg, abT, gdT, cells and ILCs (B) in the skin of two-

week-old CCL27+/+CCR10+/EGFP and CCL27�/�CCR10+/EGFP mice. N = 5 mice for CCL27+/+ and four for CCL27�/�

samples. The cell number is calculated from FC analysis of cell preparations of the whole trunk skin.

(C) Percentages and cell counts of abT cells of skin CD45+ cells from adult CCL27+/+CCR10+/EGFP and

CCL27�/�CCR10+/EGFP mice. N = 11 mice for CCL27+/+CCR10+/EGFP and 10 for CCL27�/�CCR10+/EGFP samples.

(D) Percentages of CCR10(EGFP)+ subsets of different skin lymphocyte populations in adult CCL27+/+CCR10+/EGFP and

CCL27�/�CCR10+/EGFP mice. N = 5 mice of each genotype for the CD8+, CD4+ and gd T cell data and three each for the

ILC data.

(E) Immunofluorescent images of skin sections of 6-week-old CCL27+/+CCR10+/EGFP and CCL27�/�CCR10+/EGFP mice for

CCR10(EGFP)+ lymphocytes and T cells. Arrowheads identify CCR10(EGFP)+ cells. The green long rod-like structures are

autofluorescent hairs. Super-bright CD3+ cells are DETCs.

(F) Relative percentages of CCR10(EGFP)+ lymphocytes and T cells close to or below hair follicle structures in

CCL27+/+CCR10+/EGFP versus CCL27�/�CCR10+/EGFP mice, based on calculation of total 1078 and 943 CCR10+ cells,

respectively. Representative of four CCL27+/+CCR10+/EGFP and CCL27�/�CCR10+/EGFP gender-matched littermate adult

mice with 20 images analyzed per mouse. One tailed paired t-test. *p < 0.05; **p < 0.01; ***p < 0.001.
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CCL27�/�CCR10+/EGFP mice (Figures S4A–S4F). These results suggest that CCL27-KO had little effect on

cytokine production profiles of skin-resident lymphocytes under homeostatic conditions.

Increased skin inflammation in CCL27�/� mice in response to topical imiquimod stimulation

To further investigate how the dysregulated migration and localization of skin-resident lymphocytes in

CCL27�/� mice affected skin immune function, we treated these mice topically with imiquimod (IMQ) to

induce psoriasis-like skin inflammation (van der Fits et al., 2009). In the IMQ-induced model, IL-17-produc-

ing gdT (gdT17) cells are the major pathogenic T cells responsible for the skin inflammation (Cai et al., 2011;

Gray et al., 2011; Sandrock et al., 2018; van der Fits et al., 2009), and their activation is not restricted by

Treg cells (Stockenhuber et al., 2018). Compared to IMQ-treated WT (CCL27+/+) littermate controls,

IMQ-treated ears of CCL27�/� mice visibly displayed more inflammation (Figure 5A) and increased

epidermal thickness (Figure 5B). FC analysis found that frequencies of IL-17A+ total, gd, CD8+, and

CD4+ T cells in the IMQ-treated ears of CCL27�/� mice were all increased compared to corresponding

WT controls (Figures 5C and 5D). These results show that CCL27�/� mice had overactivation of IL-17-pro-

ducing skin T cells in response to the topical IMQ stimulation, resulting in severe skin inflammation.

Increased accumulation of CCR10+ T cells and ILCs in the blood and spleens of CCL27-KOmice

We then assessed whether dysregulation of skin-resident CCR10+ lymphocytes in CCL27-KOmice had sys-

temic effects on immune cell compositions in circulation and within the spleen. There were significantly

higher percentages of CCR10(EGFP)+ CD4+, CD8+ abT cells, and ILCs in the spleen or blood of

CCL27�/�CCR10+/EGFP mice than of CCL27+/+CCR10+/EGFP mice (Figures 6A, S5A, and S5B), suggesting

that in absence of CCL27, CCR10+ lymphocytes cannot effectively migrate into the skin and instead

continue to circulate in the blood and accumulate in the spleen. There were very few CCR10(EGFP)+

Treg cells in spleens of either CCL27�/�CCR10+/EGFP or CCL27+/+CCR10+/EGFP mice (Figures 6A and

S5B), suggesting that they did not accumulate outside of the skin. On the other hand, the percentage of

Figure 5. Increased skin inflammation in CCL27�/� mice in response to topical imiquimod stimulation

(A) Images of ears 5 days after topical treatment with IMQ.

(B) Microscopic images of H&E-stained ear sections of CCL27+/+ and CCL27�/� mice 8 days after the IMQ treatment. The

average epidermal thickness of IMQ-treated ears of CCL27+/+ and CCL27�/� mice was shown in the graph on the right.

One dot is of one mouse.

(C) FC analysis of gated CD45+CD3int+ and CD45+CD3int+ gdTCR+ skin T cells of IMQ-treated (day 8) mice for IL-17A and

IL-22 expression.

(D) Percentages of CD3+, gd, CD4+, and CD8+ T cells that express IL-17A in IMQ-treated skin of CCL27+/+ and CCL27�/�

mice. N = 5 mice for both CCL27+/+ and CCL27�/� categories. Paired one tailed t-test. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 6. Increased infiltration of CCR10+ T cells in mucosal sites of CCL27�/� mice

All CCL27�/� and control CCL27+/+ littermate mice carry a CCR10-KO/EGFP-KI allele (CCR10+/EGFP) for the purpose of

reporting CCR10 expression with EGFP.

(A) Percentages of CCR10(EGFP)+ subsets of T cells and ILCs in the spleen and blood of adult CCL27+/+ and CCL27�/�

mice. N = 9 mice of each genotype for blood data, 12 for the spleen ILCs, CD8+, CD4+, gd T cell data and seven for the

spleen Treg data.

(B and C) FC analysis of gated populations of T cells and ILCs for their CCR10(EGFP) expression (B) and average per-

centages of CCR10(EGFP)+ subsets of T cells and ILCs (C) in lungs of CCL27+/+ and CCL27�/� mice. N = 4 each.

(D and E) FC analysis of gated populations of T cells and ILCs for their CCR10(EGFP) expression (D) and average per-

centages of CCR10(EGFP)+ subsets of T cells and ILCs (E) in uterus of female CCL27+/+ and CCL27�/� mice.

(F) Total numbers of CD45+ immune cells and different subsets of CCR10(EGFP)+ T cells and ILCs recovered from the

uterus of female WT and CCL27�/�mice. N = 8 CCL27+/+ and seven CCL27�/�mice for the panels D-E. Statistical analysis

by one tailed paired t-test. Significance: *p < 0.05; **p < 0.01; ***p < 0.001.
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CCR10(EGFP)+ gdT cells in the blood and spleens of CCL27�/�CCR10+/EGFP mice was not significantly

increased (Figures 6A and S5B).

Increased infiltration of CCR10+ T cells and ILCs and immune dysregulation in lungs and fe-

male reproductive tracts of CCL27-KO mice

CCL27 has been detected in mucosal tissues including lungs and reproductive tracts (Menzies et al., 2020; Qiu

et al., 2008; Sennepin et al., 2017; Weston et al., 2019; Wick et al., 2008), although CCL28 is suggested as the

dominant CCR10 ligand expressed in the mucosal tissues (Burkhardt et al., 2019; Lazarus et al., 2003; Matsuo

et al., 2018; Wang et al., 2000). We assessed whether CCL27-KO affected the CCL28 expression and composi-

tions of CCR10+ lymphocytes in lungs and female reproductive tracts. Compared to WT controls, lungs and

female reproductive tracts of CCL27�/�mice had little or no significant increases in the CCL28 expression (Fig-

ure S5C). Surprisingly, CCL27�/� mice had significantly increased percentages of CCR10(EGFP)+ CD4+ and

CD8+ abT cells in lungs and uteri compared to control WT mice, whereas frequencies of CCR10(EGFP)+ ILCs

and gdT cells were mildly increased or unaltered in lungs and uteri of CCL27�/� mice (Figures 6B–6E). Particu-

larly, in the uteri of CCL27�/� mice, a large fraction (40–50%) of CD4+ and CD8+ abT cells expressed

CCR10(EGFP) (Figures 6D and 6E). This increase of CCR10+ T cells was paralleled with a significant increase

in the absolute number of CD45+ immune cells in the uteri of CCL27�/�mice, indicating immunedysregulation

in the tissue (Figure 6F). Consistent with the notion, uteri in some CCL27�/� mice had visible inflammation

compared to their WT littermates (Figure S5D). Together, these results demonstrate that CCL27 deficiency

leads to increased infiltration of CCR10+ lymphocytes into these mucosal tissues, which could lead to local

immune homeostatic dysregulation and inflammation, particularly in the reproductive tract.

DISCUSSION

CCL27 is a chemokine predominantly expressed in the skin, although it has also been detected in other

barrier tissues such as lungs and reproductive tracts (Baird et al., 1999; Homey et al., 2000b; Hromas

et al., 1999; Ishikawa-Mochizuki et al., 1999; Menzies et al., 2020; Morales et al., 1999; Qiu et al., 2008; Sen-

nepin et al., 2017; Wick et al., 2008). The precise role of CCL27 in regulating immune cells within barrier

tissues is not fully understood. In this study, we assessed the in vivo function of CCL27 using two strains

of newly generated CCL27-knockout mice. Knockout of the presumptive dominant CCL27 gene,

CCL27a, resulted in only a slight change of the skin lymphocyte composition because of the continued

expression of the other two duplicated CCL27 genes CCL27b and/or Gm13306. Knockout of all the

CCL27 genes resulted in significantly reduced frequencies of CCR10+ lymphocytes in the skin, particularly

within the Treg and CD8+ T cell populations. Total CCL27-KO mice displayed increased inflammatory

responses to topical IMQ treatment, indicating CCL27-regulated homeostatic establishment and

maintenance of skin-resident CCR10+ T cells and ILCs is crucial for the local tissue homeostasis. The similar

phenotypes in the skin of CCL27-KO and CCR10-KOmice solidify CCL27 as the major ligand regulating the

localization and function of CCR10+ resident lymphocytes in the skin to help the local immune homeostatic

maintenance (Fu et al., 2016; Li et al., 2021; Xia et al., 2014; Yang et al., 2016).

We also found that expression of CCL27 in the skin is associated with HF cycling, revealing the underlying

mechanism of preferential localization of CCR10+ lymphocytes to specific niches within the skin for local

homeostatic regulation. The hair follicle is known to harbor HFSCs and is considered as an immune-privi-

leged site (Fuchs et al., 2004; Paus et al., 2018; Westgate et al., 1991). However, the HF is also a site of

extensive interaction between foreign environmental agents and local epithelial cells (Schneider and

Paus, 2014). Tightly regulated immune responses are required to maintain the immune homeostasis

throughout the dynamic change of HF cycling. Follicular epithelial cells express various chemokines that

direct localization of immune cells to this region. It was reported that keratinocytes of the infundibulum

and isthmus produce CCL2 and CCL20 to recruit myeloid cells in response to external stress (Nagao

et al., 2012). Expression of CCL20 by follicular cells was also reportedly induced by microbiota to attract

CCR6+ Treg cells to this niche in neonatal mice (Scharschmidt et al., 2017), and the preferential localization

of Treg cells to the HF facilitates stem cell differentiation (Ali et al., 2017). The association of CCL27

expression with HF cycling suggests its role in directing localization of CCR10+ lymphocytes into the

skin under non-inflammatory settings for tissue homeostatic regulation. As both CCL27�/� and

CCR10�/� mice have dysregulated skin immune homeostasis (Fu et al., 2016; Li et al., 2021; Xia et al.,

2014; Yang et al., 2016), it will be interesting to test how impaired localization of CCR10+ lymphocytes

affects HF cycling in CCL27-KO and CCR10-KO mice.
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Our findings help explain the expression pattern of CCL27 in pathogenesis of skin inflammatory diseases. For

example, in psoriasis, increased CCL27 expression has been reported in the perilesional skin, whereas its

expression in lesional skin is decreased (Gudjonsson et al., 2010; Karakawa et al., 2014; Quaranta et al., 2014;

Riis et al., 2011a; Sahmatova et al., 2017). As CCL27 is critical for skin immune homeostasis, an increase of

CCL27 in perilesional skin could be a mechanism to direct CCR10+ regulatory cells to the impacted skin,

whereas its downregulation in lesional skin could lead to a loss of this regulatory axis and the progression of

inflammatory symptoms. CCL27 expression is also severely suppressed in the lesional skin of patients with hi-

dradenitis suppurativa (HS), a defective hair follicle-associated inflammatory disease (Hotz et al., 2016; Zoubou-

lis et al., 2020). Lesional skin of HS patients has dysregulated Treg and Teff cells (Melnik et al., 2018). The loss of

CCL27-mediated immune regulationmight contribute to the T cell dysregulation and inflammatory pathology

of the HS. CCL27 expression is also downregulated in HFs of patients with alopecia areata (Simonetti et al.,

2004), suggesting that its dysregulation might be involved in hair loss. Our CCL27-KO mice may prove to be

a useful model in assessing the role of CCL27 in different skin inflammatory diseases.

Besides CCR10, other chemokine receptors such as CCR6 and CCR4 are also expressed on skin-homing or

resident T cells to regulate their localization and function under homeostatic and inflammatory conditions

(Andrew et al., 2001; Baekkevold et al., 2005; Cai et al., 2011; Gray et al., 2011; Jiang et al., 2010) (Campbell

et al., 2007; Casciano et al., 2020; Matsuo et al., 2021; Puig et al., 2022). These chemokine receptors could

have redundant functions in directing localization of CCR10+ T cells into the skin in absence of CCL27.

Notably, however, roles of CCR6 and CCR4 and their ligands in regulation of IL-17-producing T cell activa-

tion in the skin inflammation are opposite from those of CCR10 and CCL27. Mice deficient of CCR6 or its

ligand CCL20 have reduced skin inflammation in response to the IMQ stimulation (Campbell et al., 2017;

Cochez et al., 2017; Robert et al., 2017; Shi et al., 2021; Yu et al., 2019), suggesting that in contrast to

the CCR10/CCL27 axis, the CCR6/CCL20 axis promotes the skin gdT17 cell activation and tissue inflamma-

tion. CCR4 is preferentially expressed in skin Th17 but not gdT17 cells and CCR4-deficient mice also have

reduced skin inflammation in response to topical IMQ stimulation (Matsuo et al., 2021). Corroborating with

these mouse studies, clinical observations found that expression of CCL17, the ligand of CCR4, and CCL20

is increased, whereas CCL27 is decreased in the lesional skin of psoriatic patients (Gudjonsson et al., 2010;

Homey et al., 2000a; Kim et al., 2014; Quaranta et al., 2014; Sahmatova et al., 2017). Mechanisms underlying

unique roles of the CCL27/CCR10 axis in the skin immune homeostasis need further investigation.

In contrast to the skin, lungs and reproductive tracts of CCL27-KO mice had markedly increased CCR10+

T cells, particularly CD4+ and CD8+ abT cells. These results indicate that CCL27 is not required for promot-

ing localization of CCR10+ T cells into these mucosal sites. The reproductive tracts of some CCL27�/�mice

have spontaneous inflammation, suggesting that increased infiltration of CCR10+ T cells into the tissue

leads to dysregulated local immune homeostasis. These findings demonstrate that CCL27 is a critical regu-

lator of immune homeostasis across barrier tissues, suggesting that properly regulated localization of

T cells into the skin by the CCL27-CCR10 axis is not only important within the skin but also for prevention

of unintended pathological consequences in other tissues. Impairment of these regulatory mechanisms,

such as the downregulation of CCL27 in skin inflammatory diseases, could potentially lead to diversion

of skin-homing T cells and ILCs into the circulation and other barrier tissues, leading to disruption of local

immune homeostasis of various tissues and organs. Supporting this notion, skin inflammatory diseases

such as psoriasis and hidradenitis suppurativa are associated with complications in mucosal tissues and

blood vessels (Boehncke, 2018; Korman, 2020; Masson et al., 2020; Pescitelli et al., 2018; Sabat et al., 2020).

The majority of CCR10+ skin-resident abT cells express markers of tissue-resident memory T cells and

contribute to the tissue-resident memory T cell repertoire (Fu et al., 2016; Xia et al., 2014). Skin immuniza-

tion is commonly used in vaccination against mucosa-associated infectious diseases. Our finding that

CCL27-KO mice have decreased localization of CCR10+ T cells in the skin and increased accumulation in

mucosal tissues suggests that targeting CCL27 during skin immunization could potentially direct

CCR10+ skin-homing memory T cells to mucosal sites for better protection against mucosal infections.

Our newly developed CCL27-KO mice will be a useful tool to test this strategy in the future.

Limitations of the study

Although our study of CCL27-KO mice provides the first definite evidence that CCL27 is a critical chemo-

kine in maintenance of skin homeostasis through regulation of CCR10+ T cells, molecular mechanisms of

the CCL27/CCR10 axis in promoting Treg cells and suppressing pathogenic gdT17 cells in the healthy
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and imiquimod-induced inflammatory skin need further study. Because Treg cells primarily function to

restrict type 1 interferon-induced CD8+ T cell responses in the IMQ-induced skin inflammation (Stocken-

huber et al., 2018), roles of the CCL27-CCR10 axis in promoting Treg cells and suppressing pathogenic

IL-17-producing T cells might represent two independent mechanisms to help maintain the local tissue im-

mune homeostasis. In future, it will be helpful to test CCL27-KO, CCR10-KO, or CCL27/CCR10-double KO

mice in various models of inflammation and infection to determine their independent and collaborative

functions in regulation of different subsets of skin-resident T cells to help the skin homeostasis. Our study

also reveals that in contrast to the prediction that CCL27 helps recruitment of CCR10+ T cells into mucosal

sites (Menzies et al., 2020; Qiu et al., 2008; Sennepin et al., 2017; Weston et al., 2019; Wick et al., 2008),

CCL27-KO mice have increased CCR10+ T cells in lungs, and particularly, reproductive tracts that could

lead to local immune dysregulation. However, mechanisms of the increased accumulation of CCR10+

T cells in the mucosal tissues and its effects on local immune homeostasis in CCL27-KO mice are yet to

be determined. Our findings of reduced CCR10+ T cells in the skin and increased CCR10+ T cells in the

mucosal sites of CCL27-KO mice support the notion that CCR10+ T cells could not efficiently migrate

into the skin in absence of CCL27, leading to their increased accumulation in the circulation and diversion

into the mucosal sites. How the CCL28/CCR10 axis and other mucosal-homing chemokine receptors such

as CCR4 are involved in migration of CCR10+ T cells into the mucosal tissues needs further study.
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CCL27 RNA probe: 50TTGCTTCTGAGCCCGGC

TCCTGAAGCAGCCTTGCCTCTGCCCTCCAGC

Advanced Cell Diagnostics, INC None
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RESOURCE AVAILABILITY

Lead contact

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

the lead contact, Dr. Na Xiong (xiongn@uthscsa.edu).

Materials availability

A new line of CCL27-knockout mice is generated and is available upon request of reagent from lead

contact.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

CCL27a-KO (C57BL/6N-CCL27a tm1(KOMP)Vlcg) mice were obtained from the UC-Davis KOMP Reposi-

tory (https://www.komp.org/geneinfo.php?project=VG14813). Total CCL27-KO mice were generated

with the help of the Gene Modification Facility of the Albert Einstein College of Medicine. CCR10-

knockout(KO)/EGFP-knockin (KI) CCR10+/EGFP mice were previously described (Jin et al., 2010). In some ex-

periments, CCL27a-KO and total CCL27-KOmice were crossed with CCR10-KO/EGFP-KI mice to generate

CCL27a�/�CCR10+/EGFP and CCL27�/�CCR10+/EGFP mice for the purpose of reporting CCR10 expression

with EGFP. All mice were on the C57BL/6 genetic background. Sex- and age-matched male and female

mice were used. Littermates were used when possible. Mice from newborn (day 0) to adult stages

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primers for qRT-PCR of CCL27a mRNA: (F)50CACA

TGGAACTGCAGGAGGCC, (R)50TGTAGTACCAGA

TTTAAACTGGGTACAGTC

IDT None

Primers for qRT-PCR of CCL27b mRNA: (F)50CACA

TGGAACTGCAGGAGGCT, (R)50TGTAGTACCAGA

TTTAAACTGGGTACAGTT

IDT None

Primers for qRT-PCR of CCL28 mRNA: (F)50CAGCC

CGCACAATCGTACT, (R)50ACGTTTTCTCTGCCAT

TCTTCTTT

IDT None

Primers for qRT-PCR of b-actin mRNA: (F)50CT

GTCGAGTCGCGTCCA, (R)50CACGATGGAG

GGGAATACAGC

IDT None

Primers for qRT-PCR of GAPDH mRNA: (F)50A

GGTCGGTGTGAACGGATTTG, (R)50TGTAGA

CCATGTAGTTGAGGTCA

IDT None

Primers for PCR genotyping of total CCL27-KO

mice: (F)50GCCAAGAGTTAGAGCTCAGCTTC,

(R)50GGTGACAGTCCCCATCGG

IDT None

Primers for PCR genotyping of CCL27a-WT

allele: (F)50CTTTAGCGCCGCAGCCGCCT,

(R)50CTATAGAAAGGACCTTGGACCCTCA

IDT None

Primers for PCR genotyping CCL27a-KO

allele: (F)50ACTTGCTTTAAAAAACCTC

CCACA, (R)50CTGTGGATGGAGGTCTCAGCTGA

IDT None

ll
OPEN ACCESS

16 iScience 25, 104426, June 17, 2022

iScience
Article

mailto:xiongn@uthscsa.edu
https://www.komp.org/geneinfo.php?project=VG14813


(2–3 months) were used and were indicated in legends. All mouse experiments were performed in accor-

dance with protocols approved by Institutional Animal Care and Use Committees of Pennsylvania State

University and University of Texas Health Science Center at San Antonio.

METHOD DETAILS

Preparation, immunofluorescent staining and imaging analysis of skin sections

Mouse skin was washed in PBS and fixed in 4% PFA overnight at 4�C. Fixed skin was incubated in 10%, 20%

and 30% sucrose solutions (4–12 h, 4�C) and frozen in OCT. Frozen skin was sectioned and placed on slides.

For immunofluorescent staining, frozen skin slides were warmed at 60�C for 1h and then rehydrated for

10min. Slides were blocked in a PBS buffer containing 5% FBS and 0.3% Triton X-100 for 1h, and then incu-

bated with unlabeled polyclonal goat anti-mouse CCL27 antibodies (R&D systems; AF725) or normal goat

IgG control antibody (R&D systems; AB-108-C) in PBS containing 1% BSA and 0.3% Triton X-100 for 1h.

Slides were then incubated with fluorescently labeled Alexa Fluor 647 chicken anti-goat secondary

antibody (Invitrogen; A-21469) for 30min and counterstained with DAPI (Biolegend; 422801) for 3min. Alter-

natively, skin sections were stained with polyclonal goat anti-mouse CCL27 antibodies conjugated to nano-

particles that were labeled by DNA monomers, followed by the DNA-initiated polarization of fluorescently

labeled DNA probes for increased sensitivities (Chen et al., 2013). Between each step, slides were washed

with PBS 2-3 times. Stained slides were mounted with Prolong Diamond Antifade (Invitrogen; P36961) and

cured overnight. Stained sections were analyzed with a Zeiss AXIO imager M1m or a Keyence BZ-X800 mi-

croscope equipped with BZ-X800 Analyzer software. CCL27 staining intensity was calculated by ImageJ

software, taking the mean gray value of a randomly gated area of the upper dermis.

Analysis of localization of CCR10+ lymphocytes within skin hair follicles

Skin sections of mice carrying the CCR10-EGFP reporter were stained for CD3 and analyzed on a Keyence

BZ-X800 microscope equipped with BZ-X800 Analyzer software. 20 images with hair follicles in view were

taken for each sample at a 20X magnification. CCR10+ lymphocytes were identified as

CD45+EGFP+DAPI+ cells. Cells were considered to be on the hair follicle if they were located within or

touching the hair follicle structure. Cells were considered to be near the hair follicle if they were localized

within 15mm of the edge of a hair follicle.

In situ hybridization with an antisense CCL27 RNA probe

In-situ hybridization staining to detect CCL27 transcripts in skin sections was carried out per the manufac-

turer’s instruction (Advanced Cell Diagnostics, INC; BaseScope Reagent Kit-Red). The anti-sense CCL27

RNA probe used recognizes the mRNA sequence that spans the signal peptide-coding exon 1b and

exon II of the CCL27 gene. A probe recognizing the DapB gene (accession # EF191515) of a soil bacterial

strain Bacillus subtilis SMY is used as a negative control.

RNA preparation for real-time RT-PCR analysis

RNA were isolated from skin or uterus tissues using TRIzol for the real-time RT-PCR analysis. Two or three

replicates were tested for each RT-PCR analysis.

Isolation of lymphocytes, immunofluorescent staining, and flow cytometry

The skin, lungs and female reproductive tracts were digested in DMEMmedium containing collagenase-1,

collagenase-4, hyaluronidase and DNase I (Xia et al., 2014). Digested single cell suspensions were enriched

for mononucleocytes by centrifugation through 40% and 80% percoll gradients. The trunk skin was used to

isolate skin immune cells except in the IMQ experiments in which ears are treated and analyzed. For stain-

ing of surface molecules, cells were incubated with properly fluorescently labeled antibodies in a PBS so-

lution containing 3% FBS for 30–45 min at 4�C. For intracellular Foxp3 staining, cells were first stained for

surface molecules, then fixed with 4% paraformaldehyde, permeabilized with Foxp3/Transcription Factor

Staining Buffer (eBioscience) and stained with anti-Foxp3 antibodies. For intracellular cytokine staining,

cells were stimulated with PMA, ionomycin and Brefeldin A for 4hrs, followed by staining for surface mole-

cule and then intracellular staining for cytokines. Stained cells were analyzed on BD LSRII or BD LSRFortessa

(BD Biosciences, San Jose, CA). Data were analyzed with FlowJo software (BD Biosciences).
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In vivo migration assay

Equal numbers of lymphocytes from skin-draining lymph nodes of CCR10+/EGFP (CD45.1+) mice were in-

jected retro-orbitally into sex-matched CCL27+/+ and CCL27�/� (CD45.2+) mice. The skin and spleen of

recipient mice were analyzed for donor cells two days post injection.

Topical application of imiquimod

The experiment procedure was adapted from the previously described protocol (van der Fits et al., 2009).

Approximately 62.5mg of imiquimod (IMQ) cream were applied to the ears of adult mice (6–8 weeks old) for

7 consecutive days. Mice were observed for ear redness and thickness at the endpoint.

Hematoxylin and eosin (H&E) staining

Tissue was fixed in formalin, embedded in paraffin, sectioned and H&E stained. Stained tissue sections

were viewed on a Keyence BZ-X800 microscope equipped with BZ-X800 Analyzer software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs were created and analyzed using Prism software. Statistical difference was determined by paired

student t-test unless otherwise indicated. The data was presented as mean G standard error of mean

(SEM). The p value < 0.05 is considered significant.
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