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The epidermis is the outermost layer of the skin and the body’s primary barrier to exter-
nal pathogens; however, the early epidermal immune response remains to be mechanis-
tically understood. We show that the chemokine CXCL14, produced by epidermal
keratinocytes, exhibits robust circadian fluctuations and initiates innate immunity.
Clearance of the skin pathogen Staphylococcus aureus in nocturnal mice was associated
with CXCL14 expression, which was high during subjective daytime and low at night.
In contrast, in marmosets, a diurnal primate, circadian CXCL14 expression was
reversed. Rhythmically expressed CXCL14 binds to S. aureusDNA and induces inflam-
matory cytokine production by activating Toll-like receptor (TLR)9-dependent innate
pathways in dendritic cells and macrophages underneath the epidermis. CXCL14 also
promoted phagocytosis by macrophages in a TLR9-independent manner. These data
indicate that circadian production of the epidermal chemokine CXCL14 rhythmically
suppresses skin bacterial proliferation in mammals by activating the innate immune
system.
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The skin is an organism’s first line of defense against invading external pathogens. The
outermost layer of the skin is called the epidermis; 95% of epidermal cells are epidermal
keratinocytes, which proliferate in the basal layer of the epidermis and move to the upper
layers as they mature and form cornified cells (1). Keratinocytes act as a passive barrier to
mechanical injury and fluid loss and, along with epidermal Langerhans cells and dermal
dendritic cells (DCs), as secretors of bioactive substances important in forming an immu-
nological barrier (2–4). Although a number of studies have investigated the mechanisms
underlying the cutaneous antibacterial immune response and skin innate immunity, fac-
tors involved in its early stages are not fully understood (5, 6).
Virtually all organisms—from bacteria to plants, invertebrates, and mammals—display

biological rhythms controlled by the circadian clock, molecular machinery that operates
in all cells (7–9). Circadian rhythms govern most behavioral, physiological, and meta-
bolic functions (10). The organization of mammalian circadian rhythms is controlled by
an autoregulatory transcription/posttranscription/translation-based feedback loop involv-
ing a set of clock genes (9, 11). The core clock genes are the positive transcription factors
CLOCK and BMAL1, and the negative factors period (PER) and cryptochrome (CRY),
which drive the expression of a large number of clock-controlled genes (CCGs) by bind-
ing to E-boxes. This core loop is reinforced by and embedded in other transcription
feedback loops through CLOCK–BMAL1 activation of Rev-erbα and Rorα (12, 13).
The molecular clock directs the expression of an estimated 10 to 20% of genes in all
organs and tissues (14, 15). It is now clear that many highly differentiated tissues and
cells in mammals express a common core clock oscillating system.
In the present study, we demonstrate the molecular mechanism by which a chemokine

secreted in keratinocytes regulates skin Staphylococcus aureus invasion through Toll-like
receptor (TLR)9-mediated innate immunity. By screening a circadian time-specific DNA
microarray of WT and arrhythmic Cry-null mice, we identified a secretory molecule, the
chemokine CXCL14, as a CCG prominently expressed in the mice epidermis. In the
diurnal primate marmosets, circadian change of CXCL14 expression was observed, but
the peak–trough profiles were reversed. CXCL14 is a small chemokine belonging to the
major chemokine subgroup CXC, a subgroup that contains the sequence Cys-X-Cys at
their N-terminal (16, 17). Chemokines are classified into two kinds, depending on their
expression pattern: homeostatic or inflammatory (18). We show that the clearance of the
skin pathogen S. aureus in nocturnal mice was associated with CXCL14 expression: high
during subjective daytime and low at night. We further show that S. aureus DNA-
induced induction of inflammatory cytokines was TLR9-dependent.

Significance

We found that among chemokine
family members, only CXCL14 is
abundantly produced in
epidermal keratinocytes in a
circadian rhythm-dependent
manner. Whereas in nocturnal
mice, CXCL14 expression was high
during the day and low at night, in
diurnal marmosets, expression
was low during the daytime and
high at night. Rhythmically
expressed CXCL14 binds to
bacterial DNA, leading to
pathogen DNA-mediated Toll-like
receptor 9 activation and
promotion of phagocytosis, in this
way serving to protect skin from
overproliferation of the pathogen.
We propose that during the
resting period of animals,
epidermis-derived CXCL14 acts on
resident immune cells to regulate
the skin’s innate immunity.
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Results

Identification of Circadian Clock-Regulated Genes in Mouse
Keratinocytes. To elucidate the role of the circadian clock in
epidermis-mediated immunity, we began the identification of
CCGs in keratinocytes, since CCGs are key in understanding
the role of circadian clocks in specific cells/tissues. For example,
clock-controlled vasopressin and its receptors in the hypotha-
lamic suprachiasmatic nucleus (19–21), where the mammalian
master clock is located, play a key role in jetlag (22), while the
activity of the longevity-related, NAD+-dependent enzyme
SIRT1 is dependent on NAD+-regulating nicotinamide mono-
nucleotide phosphoribosyltransferase, which is controlled by
CLOCK–BMAL1 (23, 24). Thus, identification of CCGs in
specific types of cells allows the physiological role of circadian
clocks in living organisms to be uncovered.
Since mice are the most commonly used model of molecular

and genetic physiology, C57BL/6 mice were used to identify
bioactive molecules regulated by the circadian clock. However,
the epidermal layer of mouse skin is very thin: mice epidermal
keratinocytes consist of only one or two cell layers (25), from
which it is very difficult to isolate mRNA for microarray analysis.
Among the skin regions examined by paraffin sections stained
with H&E, the footpads had the thickest epidermis (5 to 10 ker-
atinocyte layers), which is exceptionally thick compared with
other parts of the skin (Fig. 1 A and B). In the epidermis of foot-
pads, keratinocytes make up more than 95% of total cells. We

isolated epidermal RNA samples with a laser microdissection
(LMD) system (Leica LMD6000) in thick (30 μm) frozen cryo-
stat sections. Six LMD samples were taken from each mouse
(Fig. 1 C and D); four mice were sampled every 4 h in WT and
Cry-null mouse groups (n = 4 for each genotype).

The CCGs in sampled microarrays were surveyed to identify
those showing time-of-day variation. Among 2,540 genes show-
ing one daily peak–trough profile, we focused on the timing of
E-box–regulated genes (such as Per1/2) peaking at circadian
time (CT)12�CT16, and Rorα/Rev-erbα–responsive element-
regulated genes (such as Bmal1) peaking at CT20 to CT0 (SI
Appendix, Fig. S1A and Dataset S1). Of particular interest were
chemokines, since they have a variety of immune functions as
local secretory molecules in innate immunity (6, 26), among
which are circadian functions in the hematopoietic system (27).
Microarray analysis of all known mouse chemokine genes in the
skin epidermis (Fig. 1E) identified a gene probe (418457_s_at)
with a signal peak at CT20/CT0 and a trough at CT12 in WT
mice, but which was consistently low throughout the day in Cry-
null mice. Moreover, the maximal expression level of this gene
was the highest of all 39 chemokines expressed in the epidermis.
This gene probe measures expression of Cxcl14 mRNA.

Expression of CXCL14 in Mouse Keratinocytes Is Regulated by
Circadian Rhythms. qRT-PCR analysis with gene-specific pri-
mers confirmed the circadian expression of the Cxcl14 gene,
with the peak at CT0 and the trough at CT8/12, which was

Fig. 1. Circadian expression of CXCL14 in skin epidermal keratinocytes. (A and B) Skin sections (5-μm-thick paraffin sections) from the footpad (A), back (B),
and abdomen (B) stained with H&E). Note that stratified squamous epithelium was detected only in footpad epidermis. (Scale bars in A and B, 50 μm.)
(C and D) An example of LMD applied to the epidermis of cryostat sections (30 μm thick) counterstained with Toluidine blue (TB). Before (C) and after (D)
LMD (red asterisk). Note that only the epidermis was dissected out. (Scale bars in C and D, 50 μm.) (E) Twenty-four hour expression profiles of chemokine
(CC, CXC, C, and CX3C) genes in skin footpad epidermis WT and Cry-null mice. The relative levels of each transcript, determined by DNA microarray analysis,
are indicated by the color scale. For each transcript, values were normalized to the average expression level over the day in WT epidermis. The identity of
each transcript is indicated by the Affymetrix probe used and the gene symbol (see also gene names shown in the SI Appendix, Supplementary Text). (F)
qRT-PCR-verified 24 h expression profiles of Per2, Bmal1, and Cxcl14 in WT and Cry-null footpad epidermis and back skin. Values are means ± SEM (n = 5 for
footpad and n = 4 for back skin for each data point) normalized to expression of TATA-box binding protein-encoding gene. (G) Circadian expression profiles
of CXCL14 protein of the skin by EIA (n = 4 for each data point). Note that CXCL14 peak–trough profiles from EIA were about 4 h after Cxcl14 mRNA. (H) Dif-
ferences in cellular expression of the CXCL14 protein in the footpad by immunohistochemistry. Note strong expression of CXCL14 in the majority of epider-
mal keratinocytes constituting stratified squamous epithelium, which are high at subjective morning (CT4) and low at subjective night (CT16). (Scale bars, 50
μm.) Data represent three or more independent experiments.
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similar to Bmal1 expression but the opposite of Per2 expression
in the epidermis. This circadian expression was also observed in
samples of back skin, which contained all skin tissue layers
(Fig. 1F).
Since many genes with circadian rhythms at the transcript level

lose circadian expression at the protein level, we next examined
whether the rhythmicity of Cxcl14 gene expression was replicated
in protein expression. Protein expression of CXCL14 was quanti-
fied by enzyme immunoassay (EIA). CXCL14 protein clearly
demonstrated a robust circadian expression, and peak–trough
profiles were about 4 h after Cxcl14 mRNA (Fig. 1G).
To isolate CXCL14 expression at the cell level, in situ hybridi-

zation using isotope-labeled and digoxigenin-labeled CXCL14
probes was performed (SI Appendix, Fig. S1 B and C). Staining
intensities of positive signals were higher in epidermal cells at
CT4 than CT16. This was confirmed by immunohistochemistry
in the footpad, where strong CXCL14-immunoreactivity in the
majority of epidermal keratinocytes constituting stratified squa-
mous cells at CT4 was evident (Fig. 1H). Consistent with RNA
expression data, epidermal cell staining of CXCL14 was mark-
edly suppressed at CT16. Similar circadian changes were
observed in the thin epidermis from back skin (SI Appendix, Fig.
S1D). These immunohistochemical and in situ hybridization
findings agree with a circadian rhythm of CXCL14 at the pro-
tein and mRNA level.

CXCL14 Is a Target Gene of RORα. Cxcl14 mRNA exhibited a sim-
ilar peak–trough expression profile to Rorα/Rev-erbα–responsive
element-regulated genes. Therefore, we examined whether the
expression of CXCL14 was induced by RORα in HaCaT cells,
which are used as a model system for human keratinocytes.
RORα was introduced in HaCaT cells via lentiviral infection with
a PWPI-RORα vector, resulting in high RORα expression in
HaCaT-PWPI-RORα (RORα) cells compared with noninfected
HaCaT cells or PWPI empty vector-transduced HaCaT (empty)
cells (Fig. 2A). qRT-PCR analysis showed that HaCaT-PWPI-
RORα cells exhibited robust expression of CXCL14 compared
with noninfected HaCaT and empty HaCaT cells (Fig. 2B). The
expression level of BMAL1 was also increased in HaCaT-PWPI-
RORα cells, but to a lower extent than CXCL14 (Fig. 2C), sug-
gesting that transcription of CXCL14 strongly depends on RORα
activity in HaCaT cells. We next searched for ROR response ele-
ments (ROREs) in the human CXCL14 gene locus (±2 kb from
its transcription initiation site [TIS]) based on the RORE consen-
sus sequence (WAWNTRGGTCA) and found one perfectly
matched RORE site ∼0.7 kb upstream of CXCL14’s TIS (Fig.
2D). Chromatin immunoprecipitation (ChIP) of the CXCL14
locus using HaCaT-PWPI-RORα cells revealed that an anti-
RORα antibody enriched the region 0.7 kb upstream of
CXCL14’s TIS when compared with normal rabbit IgG (Fig.
2E). Enrichment with the anti-RORα antibody was not
observed in the regions �1.3 kb, +1.3 kb, and +1.6 kb from
CXCL14’s TIS (Fig. 2E), suggesting that RORα only interacted
with the region �0.7 kb from the TIS of the CXCL14 gene.
Consistent with this, cells overexpressing RORα displayed

increased luciferase activity driven by the RORE located at
�0.7 kb, but not by its mutated sequence (Fig. 2F). The
increased luciferase activity in RORα cells was antagonized
by REV-ERB (Fig. 2F). We found three RORE-like sequen-
ces (one or two bases mismatched): RORE-like 1 and 2 in
the TIS region and RORE-like 3 +1.3 kb of the TIS in the
human CXCL14 gene (SI Appendix, Fig. S2A). RORα did
not increase the reporter activities driven by RORE-like 1
and 2 (SI Appendix, Fig. S2 B and C), whereas it moderately

increased luciferase activity driven by RORE-like 3 (SI
Appendix, Fig. S2D). These results suggest that the expression
of CXCL14 is controlled by the RORα/REV-ERB system,
mainly through the RORE located 0.7 kb upstream of the
TIS region.

Antibacterial Function of CXCL14 in the Skin. Interestingly,
CXCL14 is known to be constitutionally expressed in epithelial
tissues at high levels in the skin, gastrointestinal, and urinary
tracts (17); in primate tastebuds, CXCL14 is the most abun-
dantly expressed gene (28). In contrast to inflammatory chemo-
kines such as CCL20, the expression of CXCL14 is suppressed
by proinflammatory stimuli, such as interleukin (IL)-1, tumor
necrosis factor (TNF)-α, and lipopolysaccharide in human
keratinocytes (29, 30). Using bone marrow-derived DCs
(BMDCs), Tanegashima et al. (26) found that CXCL14 binds
to bacterial CpG DNA with high affinity and up-regulates cell
uptake, with a robust induction of TLR9-dependent produc-
tion of inflammatory cytokines (26). Although these findings
suggest that CXCL14 has a role in immunity, they remain to
be confirmed, meaning the mechanism by which CXCL14
functions in antibacterial immunity is not fully elucidated.

To clarify the role of circadian expression of epidermal
CXCL14 in skin immunity, we focused on S. aureus, since it is
a particularly prevalent infection in humans: around 30 to
100% of the human population are long-term carriers of
S. aureus (31), which can be found as part of the normal skin
flora and as a pathogen. In 2017, an estimated 119,247 S.
aureus bloodstream infections with 19,832 associated deaths
occurred (32). In addition, the widespread emergence of noso-
comial and community-acquired methicillin-resistant (CA-
MRSA) strains is a major health problem: mortality resulting
from MRSA infections is comparable to mortality resulting
from AIDS, tuberculosis, and viral hepatitis combined (33).
The fact that most systemic sequelae caused by S. aureus origi-
nate from skin infections necessitates an in-depth understand-
ing of the cutaneous antibacterial immune response.

Virtually all processes of the immune response (innate and
adaptive) oscillate in a circadian manner (34–36). Since CXCL14-
expressing keratinocytes lie in the front line of bacterial invasion,
we focused our attention on the early stages of pathogen exposure
in the skin. Time-of-day–dependent differences in bacterial prolif-
eration were examined in the skin in young-adult mice (6 wk of
age). Intracutaneous injection of S. aureus (1 × 107 colony-
forming units [CFUs per ear) was performed during the day (Zeit-
geber time [ZT] 4; 4 h after light-onset) or at night (ZT16; 4 h
after light-offset). Bacterial proliferation in the injected skin 6 h
after injection (ZT10 and ZT20) was significantly higher at night
than in the day (P < 0.01) (Fig. 3A). The same experiment was
performed in adult mice (12 wk old, by which time immunity is
firmly established) after a day of transition to constant dark condi-
tions to eliminate the effect of environmental light–dark cycles. In
these mice, similar circadian rhythms of bacterial proliferation at
injected skin sites were observed (significantly higher at night than
in the day, P < 0.05) (Fig. 3B).

We next investigated whether bacterial proliferation was
affected in the presence of CXCL14. Compared with adult
WT mice, adult Cxcl14-deleted mice (Cxcl14�/�) had higher
levels of bacterial proliferation when injected with S. aureus
during the day (P < 0.01 in Fig. 3C, and P < 0.05 in SI
Appendix, Fig. S3A). Moreover, CXCL14-overexpressing trans-
genic (Tg) mice had lower levels of bacterial proliferation (P <
0.05) (Fig. 3D), suggesting that CXCL14 inhibits bacterial pro-
liferation. Since the nighttime increase in bacterial proliferation

PNAS 2022 Vol. 119 No. 25 e2116027119 https://doi.org/10.1073/pnas.2116027119 3 of 11

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116027119/-/DCSupplemental


did not occur in Cxcl14�/� mice (Fig. 3E), it appears that a
daytime increase of CXCL14 in the skin suppresses bacterial
proliferation. Gene-expression profiles of infected ears from
WT and Cxcl14�/� mice suggest that the expression of inflam-
matory genes was suppressed in infected ears from Cxcl14�/�

mice (SI Appendix, Fig. S3B). qRT-PCR analysis showed that
3 h after infection, expression of inflammatory cytokine genes—
such as Il1b, Cxcl2, and Ccl3—was suppressed in the ears of
Cxcl14�/� mice infected during the day (Fig. 3 F�H). S. aureus
infection was quantified by S. aureus rRNA and was comparable
between WT and Cxcl14�/� mice at this time (Fig. 3I). These
results suggest that CXCL14 is involved in activation of inflam-
matory responses to S. aureus infection, resulting in suppression
of bacterial proliferation.

CXCL14 Recognizes S. aureus DNA to Activate the TLR9 Pathway.
Previously, we demonstrated that CXCL14 binds to bacterial
CpG DNA and carries it to endosomes in BMDCs, which acti-
vates TLR9-mediated innate immunity (26). To find out
whether these molecular events occur during S. aureus infec-
tion, we carried out a plate-based binding assay for CXCL14
(37). qPCR analysis of S. aureus DNA indicated that S. aureus
DNA bound to a CXCL14-coated plate, but not to a non-
coated plate (Fig. 4A). In the presence of ODN2395, a com-
petitive CpG oligonucleotide (ODN) with high affinity to
CXCL14, binding of S. aureus DNA no longer occurred (Fig.
4A). We also analyzed the binding of S. aureus DNA to mouse
macrophage-derived RAW264.7 cells in the presence or absence
of CXCL14 (Fig. 4B). qPCR analysis suggested that cell surface

Fig. 2. CXCL14 is a target gene of RORα. (A�C) qRT-PCR analysis of human keratinocyte-derived HaCaT cells stably transduced with a PWPI (Empty; Emp) or
PWPI-RORα (RORα) lentiviral vector. The relative expression levels of RORα (A), CXCL14 (B), and BMAL1 (C) are shown. The expression level of noninfected
(Non) HaCaT cells were adjusted to 1.0, and results were expressed relative to noninfected cells. (D) Genomic structure of the CXCL14 locus in human chro-
mosome 5. The red circle indicates the RORE consensus sequence. Gray bars represent the regions amplified by ChIP-qPCR. (E) ChIP-qPCR analysis of the
HaCaT-PWPI-RORα cell line using normal rabbit IgG and a rabbit anti-RORα antibody. (F) Luciferase activity driven by RORE. Three tandem repeats of 21-bp
sequences around RORE at the �0.7-kb region and its mutant version were inserted upstream of the firefly luciferase reporter gene. These luciferase con-
structs and pRL-CMV Renilla luciferase reporters were transfected into mouse embryonic fibroblasts with empty pCMV-SPORT6 vector (control), pCMV-
SPORT6-Rorα, or pCMV-SPORT6-Rorα + pCMV-SPORT6-Rev-erbα to measure dual luciferase activities. The activities of firefly luciferase were normalized to
Renilla luciferase. In A�C, statistical analyses were done using a one-way ANOVA with Sidak’s multiple comparisons versus noninfected sample for three
independent experiments. (*P < 0.05, **P < 0.01, otherwise not significant). In E, the two-tailed, unpaired Student’s t test was used (*P < 0.05, **P < 0.01,
otherwise not significant) using the value of three independent experiments. In F, statistical analyses were done using a one-way ANOVA with Sidak’s multi-
ple comparisons (*P < 0.05, **P < 0.01, otherwise not significant) using technical replicates (n = 5); mean ± SEM is shown.
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Fig. 3. Effect of circadian time on bacterial proliferation in WT and Cxcl14�/� mice. (A) Time-of-day–dependent differences in bacterial proliferation in young-
adult (6-wk-old) male C57BL/6 mice. S. aureus (1 × 107 CFUs per ear) was injected intracutaneously to the ear skin at ZT4 or ZT16, and its proliferation was mea-
sured 6 h after injection (ZT10 and ZT22). **P < 0.01; n = 4� 6 per group; statistical analysis was performed using the Student’s two-tailed unpaired t test.
(B) The same experiment as A was performed in 12-wk-old adult male mice housed with a day of transition to constant dark conditions to eliminate the effect
of environmental light/dark cycles (n = 6 per group). *P < 0.05; Student's two tailed unpaired t test. (C) Deletion of Cxcl14 abolished the time-dependent sup-
pression of bacterial proliferation in 14- to 15-wk-old female mice. CXCL14�/� mice were infected intradermally with S. aureus (1 × 107 CFUs per ear) at ZT4, as
were WT mice in A (n = 6�8). **P < 0.01; Student's two tailed unpaired t test. (D) Overexpression of CXCL14 in 13-wk-old CXCL14-Tg male mice suppressed bac-
terial proliferation at ZT16 (n = 8 per group). *P < 0.05; Student's two tailed unpaired t test. (E) Bacterial load of ears was comparable between ZT4 and ZT16 in
12-wk-old Cxcl14�/� male mice (n = 4� 6). n.s.: not significant according to the Student’s two-tailed unpaired t test. (F–I) Expression profiles of cytokine genes
[Il1b (F), Cxcl2 (G), Ccl3 (H) compared with rRNA gene of S. aureus (I)]. Samples were collected from the injected dermis 3 h after infection with S. aureus at ZT4 in
12-wk-old WT and Cxcl14�/� female mice and analyzed with qRT-PCR (n = 5). Note that expression of these genes was increased in WT mice, but significantly
reduced in Cxcl14�/� mice. In F�I, statistical analyses were applied using a two-way ANOVA with Sidak’s multiple comparisons (*P < 0.05, **P < 0.01, otherwise
not significant). Individual points represent mean values of both ears from individual mice (A�E); mean ± SEM is shown.
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binding of S. aureus DNA to RAW264.7 was increased in the
presence of CXCL14. A previous report demonstrated that
CXCL14 enhances the binding of CpG ODN to RAW264.7
cells (37); therefore, these results indicate that S. aureus DNA
forms a complex with CXCL14 and enhances its binding to the
receptor. Consistent with this result, CXCL14 augmented
TNF-α and Cxcl2 responses after treatment with S. aureus
DNA (Fig. 5 A and B). The enhanced TNF-α response to bac-
terial DNA depended on the species of bacterial DNA, since
CXCL14 did not increase (but rather suppressed) the TNF-α
response to Eschelichia coli DNA in RAW264.7 cells (SI
Appendix, Fig. S4A). mRNA expression of Il1b and Ccl3 was
also up-regulated in the presence of CXCL14 (Fig. 5 C and D),
suggesting that CXCL14 activates inflammatory responses to
S. aureus. The induction of the inflammatory response was pre-
vented by Tlr9 knockout (Fig. 5 A�D), and up-regulation of Il1b,
Ccl3, and Cxcl2 expression was not observed in S. aureus-infected
skin samples of Cxcl14�/� mice (Fig. 3 F�I). These data sug-
gest that CXCL14 and bacterial CpG DNA synergistically
activate TLR9-dependent innate pathways.
To determine the species-specificity of bacterial DNA, and

whether TLR9 dependency is maintained in DCs, we investi-
gated the expression of Cxcl2 and Il1b in BMDCs. It is known
that Cxcl2 and IL-1β are induced after S. aureus infection in
the skin (5). CXCL14 enhanced the induction of these cyto-
kine genes by S. aureus DNA in BMDCs from WT mice, but
not from Tlr9�/� mice (Fig. 5 E and F). To examine whether
the TLR9 pathway is also important for skin infection of S.
aureus in vivo, we injected S. aureus into the ear skin of WT
and Tlr9�/� mice. Levels of bacterial proliferation in Tlr9�/�

mice were significantly higher (P < 0.05) than in WT mice
(Fig. 5G). Moreover, augmentation of S. aureus proliferation by
the application of the TLR9 antagonist ODN2088 was not
observed in Cxcl14�/� mice (Fig. 5H). These findings strongly
suggest that CXCL14 strengthens S. aureus-induced immunity
via the TLR9 pathway. Of note, CXCL14 also appears to elicit
a TLR9-indendent defense against S. aureus, since exogenously
expressed CXCL14 in Tlr9�/� mice suppressed S. aureus prolif-
eration (SI Appendix, Fig. S4B). In a previous report, rhythmi-
cally expressing TLR9 in the spleen contributed to the severity
of sepsis in a cecal ligation and puncture model (38). However,

we did not observe prominent rhythms in Tlr9 expression in
the skin.

CXCL14 Enhances Phagocytosis of S. aureus Particles. We also
examined the effect of CXCL14 on phagocytosis, the initial
state of innate immunity, in the presence or absence of
S. aureus DNA. CXCL14 alone increased phagocytosis in
pHrodo-labeled S. aureus particles in peritoneal macrophages
and RAW264.7 cells (SI Appendix, Fig. S5). Surprisingly,
Tlr9�/� peritoneal macrophages and Tlr9�/� RAW264.7 cells
also exhibited up-regulation of phagocytosis by CXCL14.
These findings suggest that CXCL14 facilitates phagocytic
activity in a TLR9-independent manner.

Reversed Circadian CXCL14 Expression in the Epidermis of
Diurnal Primate Marmosets. Beyond the cellular level, tissue
and in vivo findings suggest that daytime-expressed CXCL14
in keratinocytes plays an important role in innate immunity in
skin DCs: in humans, high CXCL14 levels were observed in
the epidermis (29, 39). To translate our keratinocyte results to
human skin diseases, our findings were confirmed in nonhu-
man primates. We selected the diurnal common marmoset
(Callithrix jacchus), a small, New World monkey whose
genome was the first totally sequenced in primates (40). Com-
pared with the C57BL/6 mouse strain, which show nocturnal-
ity, marmosets show complete diurnality in locomotor activity
(41) and core body temperature (Fig. 6A). In marmosets, circa-
dian CXCL14 expression was reversed compared with mice:
CXCL14 expression was low during the daytime and high at
nighttime (Fig. 6 B and C). These data indicate that circadian
production of epidermal CXCL14 may act via a noncanonical
mechanism to rhythmically regulate skin bacterial proliferation
in mammals by activating the innate immune system.

Discussion

In this study, we revealed that the chemokine CXCL14 is pro-
duced by keratinocytes in a circadian rhythm-dependent man-
ner and protects skin from overproliferation of S. aureus during
the early phase of resting (Fig. 6D). CXCL14 is a secretory pro-
tein known to accumulate in the extracellular matrix due to its
heparin-binding properties (42). CXCL14 directly binds to

Fig. 4. Enhanced binding of the S. aureus DNA/CXCL14 complex to RAW264.7 cells. (A) A multiwell, plate-based binding assay was used to immobilize
CXCL14 by incubation. Coated wells had S. aureus DNA (1 μg/mL) added, in combination with increasing amounts of ODN2395 for 1 h at room temperature.
Wells without CXCL14 coating were used as controls (None). The amount of bound S. aureus DNA was measured by quantitative PCR using S. aureus Nuc pri-
mers. The mean of triplicate measures of bound/input DNA are shown with SEM. The same set of experiments was repeated, and similar results were
obtained. Statistical analyses were done using a one-way ANOVA with Sidak’s multiple comparisons (*P < 0.05, **P < 0.01, otherwise not significant) using
technical triplicates. (B) RAW264.7 cells in 24-well plates were treated with S. aureus DNA in the presence or absence of 300 nM CXCL14 at 4 °C for 1 h. There-
after, genomic DNA was isolated, and the copy number ratio of S. aureus DNA to mouse genome DNA was determined by qPCR using primer pairs of
S. aureus Nuc and mouse rRNA. Statistical analyses were done using a one-way ANOVA with Sidak’s multiple comparisons between values with and without
CXCL14 (*P < 0.05, **P < 0.01, otherwise not significant). Values from four independent experiments are shown.
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S. aureus DNA and transports it into DCs/macrophages residing
in dermal layers, thereby inducing TLR9-dependent cytokine
production. We also found that CXCL14 promotes phagocytosis
of S. aureus by macrophages in a TLR9-independent manner.
This is a unique innate immune system response that involves

circadian rhythms in the epithelial cells interacting with DCs/
macrophages in the initial stages of bacterial infection.

The circadian changes of CXCL14 expression in the epider-
mis observed in the present study are in agreement with identi-
fication of clock-regulated chemokine genes in other tissues.

Fig. 5. TLR9-dependent Cxcl14 action on S. aureus infection. (A and B) ELISA analysis of WT and Tlr9�/� RAW264.7 cells treated with CXCL14 and S. aureus
DNA. These cells were treated with 0, 0.1, and 1 μg/mL of S. aureus DNA in the presence or absence of 300 nM CXCL14 for 6 h. Culture supernatant was sub-
jected to ELISA analysis for TNF-α (A) or Cxcl2 (B). (C�F) qRT-PCR analysis of WT RAW264.7 cells (C and D), Tlr9�/� RAW264.7 cells (C and D), WT BMDCs (E and
F), and Tlr9�/� BMDCs (E and F) treated with CXCL14 and 0, 0.1, and 1 μg/mL of S. aureus DNA in the presence or absence of 300 nM CXCL14 for 6 h, as
shown in A and B. RNA was extracted to make cDNA for qRT-PCR; β-actin was used as an internal control. The mean expression ± SEM of Ccl3 (C), Il1b (D and
F), and Cxcl2 (E) relative to the nontreated control (adjusted to 1) is shown. In A�F, statistical analyses were carried out using a two-way ANOVA with Sidak’s
multiple-comparison tests on the WT group with and without the addition of CXCL14 (*P < 0.05, **P < 0.01, otherwise not significant; n = 3). (G) Ears of 9-
wk-old WT or Tlr9�/� male mice were inoculated intracutaneously with S. aureus (1 × 107 CFUs per ear) at ZT4. The titer of S. aureus infection was determined
6 h after inoculation (n = 6 at each group). Statistical analysis was performed using the Student’s two-tailed, unpaired t test (*P < 0.05). (H) Ears of 12-wk-old
WT or Cxcl14�/� male mice were inoculated intracutaneously with S. aureus (1 × 107 CFUs per ear) with the TLR9 antagonist oligonucleotide, ODN2088, or a
negative control oligonucleotide (Cont) at ZT4 (n = 4 to 6 per group). The titer of S. aureus infection was determined 24 h after inoculation. Statistical analysis
was applied using the Kruskal–Wallis test with Dunn’s multiple comparisons (*P < 0.05, otherwise not significant). In G and H, individual points represent
mean values of both ears from individual mice; mean ± SEM is shown.
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Fig. 6. Reversed rhythmic expression of Cxcl14 in diurnal marmosets. (A) Comparative locomotor activity rhythms of mice (Mus musculus, C57BL/6) and
marmosets (C. jacchus) in light/dark cycles shown in representative double-plotted actograms. Daily variation of locomotion (orange line; counts per minute)
and body temperature (blue line; mean temperature per minute) in marmosets are also shown for 2 d (sixth and seventh day). Light-on time is shown with
a white background area, and light-off with a gray background area. Note that marmosets are diurnal, but mice are nocturnal. (Scale bars, 50 μm.) (B) Pair-
wise comparisons of Cxcl14 mRNA in the epidermis at ZT6 and at ZT18. qPCR analysis for two male (blue and gray) and two female (dark orange and light
orange) marmosets. Note the two- to fourfold change in Cxcl14 mRNA levels. ***P < 0.001, Student’s paired t test in marmoset skin. (C) Immunohistochemis-
try of CXCL14 protein in marmoset skin at ZT6 and ZT18. Note CXCL14 protein is strongly expressed in epidermal cells at night. (Scale bars, 50 mm.) (D) Sche-
matic model of circadian clock-mediated clearance of S. aureus by CXCL14 in the epidermis of marmosets. Transcription–translation feedback loop (TTFL) of
clock genes in keratinocytes regulates circadian expression of the Cxcl14 gene in epidermal keratinocytes. Keratinocytes produce and secrete CXCL14 into
the extracellular matrix during the resting period, which for diurnal animals is at night. When S. aureus invades skin keratinocytes, CXCL14 binds to degraded
CpG DNAs and transports them into DCs/macrophages. Subsequently, TLR9 in the endosome/lysosome is activated, and cytokines including CXCL2 and
IL-1β are induced. In addition to the TLR9 pathway, CXCL14 enhances phagocytotic activity of DCs/macrophages. CXCL14 therefore serves in the innate
immune defense against S. aureus.
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Gibbs et al. (43) previously reported that CXCL5 expression
was regulated in a circadian rhythm-dependent manner and
was involved in neutrophil recruitment in the lungs. In addi-
tion, release of hematopoietic stem cells from bone marrow was
regulated by a reduction of CXCL12 levels during the resting
period (i.e., subjective nighttime) (27).
Previous studies indicate that CXCL14 is involved in anti-

bacterial immunity (29, 44). By using a respiratory infection
model with intranasally administered bacteria, Dai et al. (44)
demonstrated that CXCL14-knockout mice had decreased
clearance of Streptococcus pneumoniae, suggesting that CXCL14
in the respiratory epithelium was involved in respiratory infec-
tion response. However, the mechanism by which CXCL14
affects immunity remains unresolved. Molecular structural anal-
ysis suggests that CXCL14 is a broad-spectrum antimicrobial
peptide: the high proportion of cationic amino acids in the C
terminus of CXCL14 may allow it to bind to, and destroy, the
negatively charged phospholipids in bacterial membranes (44).
Indeed, exposing cultured bacteria to CXCL14 inhibits their
proliferation in both gram-positive and gram-negative bacteria
(44), although in this case, the effective medium concentration
(EC50) was extraordinarily high (E. coli 0.32 μM, S. aureus
5.17 μM, S. pneumoniae ∼0.5 μM EC50, respectively) (44),
which may not be physiologically relevant. CXCL14 also shows
weak chemotaxic activity on activated macrophages, immature
DCs, and natural killer cells (16).
Since CXCL14 levels in the epidermis are maximal during the

early resting period, mammals are highly dependent on this system
for skin protection from overproliferation of S. aureus. Therefore,
CXCL14 could be utilized as a barrier against other pathogen/
damage-associated molecular patterns; elucidation of such targets
would help better understand skin immunosurveillance.

Materials and Methods

Mice. Cxcl14�/� male and Cxcl14+/� female mice on a C57BL/6 background
were crossed to produce Cxcl14+/� and Cxcl14�/� mice, as previously described
(45). Tlr9�/� mice (46) were obtained from Oriental Bioservice, Inc. and mated
to produce Tlr9�/� mice. CXCL14-transgenic mice (47) were mated with Tlr9�/�

mice or C57BL/6 mice (Nihon SLC). All mice were housed in a pathogen-free ani-
mal facility under a 12-h light/dark cycle. Genotyped, 6- to 15-wk-old mice and
age- and gender-matched C57BL/6 controls were used for experiments.

The generation and breeding of Cry-null mice has been described previously
(48–50). Before experiments, we housed both WT and Cry-null mice for at least
2 wk in a 12-h light/dark cycle (0600 hours, light on/1800 hours, light off) to
synchronize (entrain) the circadian clock to the ambient light/dark cycle in a cons-
tant room temperature (22 ± 2 °C). Locomotor activity was detected by infrared
sensors, and data were analyzed with Clocklab software (ActiMetrics). ZT was
defined as ZT0 when the light was switched on. To eliminate external light, we
transferred the mice into constant darkness 2 d before being killed; mice were
killed every 4 h beginning at CT0, which represents subjective dawn. To elimi-
nate gender- and age-related variations, we routinely used 12- to 16-wk-old
male mice.

All experimental procedures were preapproved by the Animal Experimenta-
tion Committee at Kyoto University and the Ethical Committee of Tokyo Metro-
politan Institute of Medical Science.

Marmosets. The marmosets used for the experiment were two males and two
females aged from 0.9 to 4.1 y old. Marmosets were housed under cyclic light/
dark conditions (14-h light period and 10-h dark period; 0600 hours, light on/
2000 hours, light off) at a constant room temperature (28 ± 0.8 °C). Light-on
time was defined to ZT0. At ZT6 (6 h after onset of light) and ZT18 (2 h after
lights off), marmoset skin specimens (5-mm squares) were obtained from the
dorsal skin under general anesthesia (ketamine 30 mg/kg; atropine 0.05 mg/kg,
intramuscular injection). The surgery was performed at intervals of 2 wk or more
to eliminate the effects of changes in general condition due to the operation.

Specimens were immediately frozen with dry ice or fixed with 4% paraformalde-
hyde in 0.1 M phosphate buffer. To detect circadian rhythms of sleep/wake cycles
of marmosets, in some cases we implanted a small body temperature/activity
frequency-measuring device (Kissei Comtech Nanotag) into the peritoneal cavity
under general anesthesia by inhalation of isoflurane and measured both core
body temperature and activity frequency every 5 min. All animal experimental
protocols for marmosets were in accordance with the guidelines for animal
experiments approved by the Animal Ethics Committee at Kyoto University.

Microarray Analysis. For circadian analysis of epidermal expressions, animals
(12 WT mice, 12 Cry-null mice) were killed by cervical dislocation under a red
safety light at the indicated time points in constant dark condition. Total RNA
was prepared from two pools of LMD-sampled footpad epidermis (n = 2) at
each time point to duplicate our observations on two independent arrays. Total
RNA was isolated with the RNeasy mini kit (Qiagen), and the integrity was
assessed by analyzing aliquots on an Agilent 2100 Bioanalyzer (Agilent Technol-
ogies). cDNA synthesis and cRNA labeling were performed using the One-Cycle
Target Labeling and Control Reagents Kit (Affymetrix), and subsequent hybridiza-
tion was performed with GeneChip Mouse Genome 430 2.0 array (Affymetrix)
according to the manufacturer’s protocol. For data analysis, we used the robust
multiarray analysis (RMA) expression measure 48, which represents the log-
transformed value of (background-corrected and normalized) intensities of the
GeneChips. The RMA measures were computed using the R package program,
which is freely available on the website (www.bioconductor.org). The value of
each time point was expressed as a mean of two independent chips, which
yielded equivalent results. For each transcript, values were normalized to the
average expression level over the day in the WT skin epidermis.

For analysis of gene expression changed by S. aureus infection, infected and
control ears from WT or Cxcl14�/� mice were homogenized in Isogen (Nippon-
gene), and total RNA was isolated. Integrity of each RNA preparation was verified
using a Bioanalyzer (Agilent Technologies). Cy3-labeled cRNA probes were syn-
thesized and hybridized with Whole Mouse Genome Microarray 4 × 44K v2
(Agilent Technologies) according to the manufacturer’s instructions.

Complete microarray datasets are available under accession numbers
GSE174155 and GSE164899 (Gene Expression Omnibus: https://www.ncbi.nlm.
nih.gov/geo/).

ChIP Assay. ChIP assays were performed using a rabbit anti-RORα antibody
(Thermo Fisher Scientific) or normal rabbit IgG (Wako), as previously described
(51). We used 5 μL of protein A Sepharose (GE Healthcare) and 1 μg of antibody
in each ChIP reaction. IP or intact chromatin DNA fractions were digested with
proteinase K (Wako) followed by gel filtration. The ratio of IP DNA to total chro-
matin DNA was determined by qPCR using specific primers for the CXCL14 gene
(SI Appendix, Table S1).

Bacteria. An S. aureus strain (ATCC25923) was purchased from ATCC. Bacteria
were grown to midlog phase in Luria-Bertani (LB) broth, washed, and resus-
pended in PBS. Bacterial concentrations were estimated with a spectrophotome-
ter by determining the optical density at 600 nm (OD600). CFUs were verified by
plating dilutions of the inoculum onto LB agar overnight at 37 °C.

For S. aureus DNA, overnight bacterial culture was pelleted to be treated with
lysostaphin (SAE0091, Sigma) followed by proteinase K (Wako) treatment. Bacte-
rial lysate was extracted by phenol and chloroform to purify DNA. After ethanol
precipitation, DNA was dissolved and treated with RNase A (Wako). The DNA was
further purified by phenol and chloroform extraction followed by ethanol
precipitation.

Mouse Model of S. aureus Cutaneous Infection. The epicutaneous S. aureus
exposure model is commonly used for evaluating epidermal protein on the
infection of S. aureus in the epidermis (52). However, the epidermis is covered
by the thick stratum corneum that blocks the penetration of bacteria to the
deeper layer of the skin. Since the purpose of this study is to examine local and
short-term actions of CXCL14 against bacterial proliferation inside the skin, we
adopted an intradermal S. aureus injection model (6).

For the in vivo infection experiments of WT and Cxcl14�/� mice, 1 × 107

CFUs of S. aureus were injected intradermally in a small volume of PBS (10 μL)
into the pinnae of each ear using a 30-G insulin syringe (Nippon Becton Dickin-
son) under anesthesia with a ketamine/xylazine mixture (Ketamine 50 mg/kg by
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weight and xylasine 20 mg/kg by weight). For the TLR9 antagonist injection,
0.2 nmol of the TLR9 antagonist oligonucleotide ODN2088 or a negative con-
trol oligonucleotide was coinjected with 1 × 107 CFUs of S. aureus. Bacterial
burden of each ear was <1 × 105 CFUs per ear 6 h after only PBS was injected
into ears of C57BL/6N mice and Cxcl14�/� mice. For stability and safety of cuta-
neous injection, we performed the operation at the same irradiance of about
150 lx both at daytime (ZT4) and nighttime (ZT16); operated mice were
returned to the previous housing conditions after several minutes. For CFU
determination, each infected ear was harvested after cervical dislocation 6 h
postinjection. In some experiments, we collected infected ears 24 h after the
injection. Ears were mechanically homogenized using a POLYTRON PT 2500 E
(Kinematica) in PBS. Serial dilutions of ear homogenates were plated on LB
agar plates. Plates were incubated at 37 °C overnight, and CFUs were counted
the following day. To determine the effect of infection on chemokine induction
at RNA levels in skin, we harvested mouse ears 3 h postinjection, and samples
were kept in RNAlater Stabilization Solution (Thermo Fisher Scientific).

S. aureus DNA Binding Assay. Details of the plate-based binding assay used
was described previously (37). S. aureus DNA (1 μg/mL) was applied to binding
assay with or without ODN2395. Eluted DNA was purified with gel filtration for
qPCR analysis using primer sets for the S. aureus Nuc gene region (SI Appendix,
Table S1). For the binding assay for RAW264.7 cells, cells in 24-well plates were
treated with S. aureus DNA in the presence or absence of 300 nM CXCL14 at
4 °C for 1 h. The treated cells were lysed to isolate genomic DNA. The copy ratio
of S. aureus DNA to mouse genome DNA was determined by qPCR using primer
sets for S. aureus Nuc [used for copy number validation (53)] and mouse rRNA
(SI Appendix, Table S1).

LMD of the epidermis, immunohistochemistry, and in situ hybridization, EIA,
regents, cell culture, HcCaT cell line expressing RORα, promoter–reporter assay,
qRT-PCR, ELISA, FACS analysis, and phagocytic activity are available in method
sections of SI Appendix, Supplementary Text.

Statistical Analysis. Statistical analyses were performed using Prism 8 software
(GraphPad Software). Differences in P values between two treatment groups
were determined using a two-tailed unpaired t test. The Kruskal–Wallis test or a
two-way ANOVA with multiple comparisons (described in the corresponding fig-
ure legends) was used to determine statistical significance for comparison
between three or more groups. P < 0.05 was considered statistically significant.

Peak time and amplitude values in qRT-PCR were obtained using a program
written in R. To determine PS50 values, sigmoidal dose–response curves with z
variable slope, Y = Bottom+ (Top� Bottom)/(1 + 10(log PS50� X) HillSlope),
was fitted to the onset/offset time points (locomotor activity) or the peak time
points (body temperature) using GraphPad Prism software. A statistically signifi-
cant difference was assumed when P values were less than 0.05.

Data Availability. Complete microarray datasets have been deposited in the
Gene Expression Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/geo
(accession nos. GSE174155 and GSE164899). All other study data are included
in the main text and/or supporting information.
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