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ABSTRACT

Thepathologyof skin immunediseases such as atopic dermatitis is closely related to theoverproductionof cytokines bymacrophages.

Although thepathological functionsofmacrophages in skin are known,mechanismsof how they detect the tissue environment remain

unknown. TRPV4, a nonselective cation channelwith highCa2+ permeability, is activated at physiological temperatures from27 to 35�Cand

involved in the functional control ofmacrophages.However, the relationship betweenTRPV4 function inmacrophages and skin immune

disease is unclear. In this study,wedemonstrate that TRPV4activation inhibitsNF-kB signaling, resulting in the suppressionof IL-1b production

in both humanprimarymonocytes andmacrophages derived fromhumanprimarymonocytes. A TRPV4activator also inhibited the

differentiationof humanprimarymonocytes intoGM-CSFM1macrophages but notM-CSFM2macrophages.Wealsoobserved a significant

increase in thenumber of inducibleNOsynthase–positive/TRPV4-negative dermalmacrophages in atopic dermatitis comparedwith healthy

human skin specimens.Our findings provide insight into thephysiological relevanceof TRPV4 to the regulationofmacrophages during

homeostasismaintenance and raise thepotential for TRPV4 tobe an anti-inflammatory target. ImmunoHorizons, 2023, 7: 81–96.

INTRODUCTION

Immune cells, including neutrophils, monocytes, B cells, and
T cells, contribute to homeostasis by protecting the host from bacte-
rial and viral infections. Among these immune cells, macrophages
differentiate frommonocytes to engulf and digest foreign substances
through phagocytosis to eliminate them (1, 2). Macrophages also
produce chemokines and cytokines that attract and activate other

immune cells (3). Recently, macrophages were categorized as ei-
ther classically activated M1 macrophages or alternatively acti-
vatedM2macrophages, which have different cytokine expression
patterns (4). Macrophages can change their phenotypes to have
physiological plasticity in response to extracellular immune
signals (2). M1 macrophages express inflammatory cytokines,
whereas M2 macrophages produce inhibitory cytokines such as
IL-10, which is involved in tissue repair (2).
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M2 macrophages dominate in the healthy skin (5). Although
thephysiological relevanceofmacrophage subtypes isnot completely
understood, it is accepted that several subtypes ofmacrophages, such
as Langerhans cells and dermalmacrophages, are present in the skin
(6). In healthy skin, macrophages help maintain homeostasis; how-
ever, they are also involved in the development of inflammatory dis-
eases, such as contact (7) and allergic dermatitis (8). In typical
allergic dermatitis, or atopic dermatitis (AD), macrophages accumu-
late in lesions (9). The Th2 cytokine GM-CSF, which initiates
M1 macrophage differentiation, is overproduced in AD (10). Other
macrophage-derived cytokines, including IL-1b (11) and IL-10 (12),
are also overproduced in AD lesions, which leads to the pathology of
ADanda continuedTh2 response.Macrophages thushavepatholog-
ical functions during AD development and progression, but the
mechanisms by which the extracellular environment and/or cellular
signals regulatemacrophage function are not fully understood.

Transient receptor potential (TRP) channels are nonselective,
cation channels that can respond to chemical and physical stimuli
such as temperature, mechanical stimuli, and potential change. In
1997, the capsaicin receptor TRPV1 was discovered; TRPV1 di-
rectly senses heat and activates (13), attracting great attention as a
receptor involved in sensory perception. As of 2022, 27 TRP chan-
nels were identified and several receptor functions in humans re-
ported. In addition to inherited diseases fromTRP genemutations,
spontaneous TRP channel abnormalities can lead to the develop-
ment of acquired diseases and cancers (14�17), which suggests the
importance of TRP channels for maintaining homeostasis in sev-
eral tissues. TRPV4 has a high Ca21 permeability that is activated
at 27 to 35�C (18) and ubiquitously expressed throughout the body,
for instance, by skin, lung, brain, and immune cells. As shown in
several studies, TRPV4 helps maintain homeostasis in these tis-
sues, such as the skin barrier (19, 20), articular cartilage (21), and
lung (22). Another report indicates a function for TRPV4 in im-
mune regulation. Macrophages derived from a TRPV4-knockout
mouse increased their production of the inflammatory cytokine
IL-1b while decreasing the anti-inflammatory cytokine IL-10 (23),
which suggests a relationship between TRPV4 and cytokine ex-
pression. However, due to the difficulty of isolating macrophages
from human tissues, the physiological function of TRPV4 in hu-
manmacrophages remains unclear.

In this study, we screened the expression levels of TRP chan-
nels in immune cells using a protein atlas database and found that
TRPV4 is highly expressed in monocytes, the macrophage pre-
cursors. Therefore, we evaluated TRPV4 function in both macro-
phages and monocytes by investigating cytokine expression and
macrophage differentiation.

MATERIALS AND METHODS

Isolating human monocytes
All studies involving human subjects were conducted in accor-
dance with the guidelines of the World Medical Association�s
Declaration of Helsinki. The ethical review for medical and
health research involving human subjects was conducted

and approved by Osaka University (approval number 2019-
1) and Nagoya City University (approval number 60-18-0003).
All experiments followed the applicable ethical guidelines of
these facilities. Whole peripheral blood samples for PBMCs
were purchased from the Japanese Red Cross Society (JRCS)
according to the Guidelines on the Use of Donated Blood in Re-
search and Development, etc. We purchased 164 samples from
16- to 69-y-old healthy volunteers whose donations were too
small for use as blood products by the JRCS. PBMCs were iso-
lated from the whole peripheral blood using Ficoll-Paque PLUS
(GE Healthcare) and density-gradient centrifugation. To lyse
erythrocytes, they were incubated with ACK buffer (150 mM
NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA) for 15 min at room
temperature. Dead cells were removed using a Dead Cell Re-
moval Kit (130-042-401; Miltenyi Biotec). The isolated PBMCs
were labeled with CD14 microbeads (130-050-201; Miltenyi Bi-
otec), and a CD14-positive cell population was isolated using
magnetic separation, which we considered to be monocytes.

Cell culture
Monocytes were cultured in RPMI 1640medium (11875-093; Life
Technologies) containing 20% FBS (172012; Sigma-Aldrich).
HEK293 cells stably expressing human TLR4a, MD2, and
CD14 genes (293/hTLR4-MD2-CD14; InvivoGen) were cul-
tured in DMEM high-glucose (D6429; Sigma-Aldrich) me-
dium containing 10% FBS, 100 mg/ml normocin (ant-nr;
InvivoGen), 10 mg/ml blasticidin (anti-bl; InvivoGen), and
50 mg/ml Hygromycin B Gold (ant-hg; InvivoGen). Cells
were passaged every 2 to 3 d, when they reached 80%
confluency.

Macrophage differentiation
Monocyteswere cultured for 7 d inRPMI 1640mediumcontaining
20% FBS and 1% antibiotics (antibiotic-antimycotic; Life Technol-
ogies). To differentiate monocytes into M1 macrophages, they
were supplemented with 50 ng/ml GM-CSF (100-08; Shenandoah
Biotechnology) for 7 d.Monocyteswere supplementedwith 50 ng/
mlM-CSF (100-03; Shenandoah Biotechnology) for differentiation
intoM2macrophages. Freshmediumwas added on days 2 and 5 of
the incubation. GM-CSF andM-CSFmacrophages, as appropriate,
were defined as adherent cells after 7 d of culturing (24).

Inflammatory skin disease samples
Formalin-fixed, paraffin-embedded skin sections were obtained
from patients following the ethical guidelines of Nagoya City
University (approval number 60-18-0003).

Quantitative RT-PCR
To confirm the expression of TRPV4 mRNA, total mRNA was
isolated from monocytes (day 0), monocytes cultured for 7 d
(day 7 monocytes), GM-CSF macrophages, and M-CSF macro-
phages. Cells were washed with PBS, and the total RNA was
extracted with TRI Reagent (TR 118; Molecular Research). The
extracted RNA was stored at �80�C until analysis.
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To confirm the mRNA expression of IL-1b, 5.0 × 105 cells/ml
monocytes or 105 cells/ml macrophages were cultured for 6 h in
RPMI 1640 medium containing 0.5% FBS. The cells were pre-
treated for 30minwith 30 mMof the TRPV4 inhibitorHC067047
(4100; Tocris Bioscience) and then stimulated with LPS (L2630;
Sigma-Aldrich) to induce IL-1b. Monocytes were costimulated
with 100 mM of GSK1016790A (073-06491; FUJIFILM Wako
Chemicals), a TRPV4 activator, and 10 pg/ml LPS. GM-CSF or
M-CSF macrophages were stimulated with 10 mMGSK1016790A
and 10 ng/ml LPS. Six hours after stimulation, cells were washed
with PBS, and the total RNAwas extracted.

The RNA sample was reverse transcribed to cDNA using the
QuantiTect Reverse Transcription Kit (205315; Qiagen) and the
cDNA sequence amplified using THUNDERBIRD SYBR qPCR
Mix (QPS-201; TOYOBO). The primers used are as follows:
TRPV4, forward 50-CTACGCTTCAGCCCTGGTCTC-30 and re-
verse 50-GCAGTTGGTCTGGTCCTCATTG-30; 18s RNA, forward
50- CGGCTACCACATCCAAGGAA-30 and reverse 50-AGCTG-
GAATTACCGCGGC-30; IL-1b, forward 50-CACGATGCACCTG-
TACGATCA-30 and reverse 50-GTTGCTCCATATCCTGTCCCT-30;
and GAPDH, forward 50-CATCCCTGCCTCTACTGGCGCTGCC-
30 and reverse 50-CCAGGATGCCCTTGAGGGGGCCCTC-30.

Western blotting
As a positive control for TRPV4 expression, HEK293T cells
were transfected with a pcDNA3.1 vector encoding human
TRPV4 using polyethylenimine (24765-100; Polysciences). Prior
to performing the Western blots, 106 monocytes were differenti-
ated into either GM-CSF or M-CSF macrophages and then
treated with reagents. For NLRP3 and caspase-1 expression,
the cells were pretreated with 30 mM HC067047 for 30 min
and then stimulated with 10 ng/ml LPS and 10 mM
GSK1016790A for 6 h in 1 ml of RPMI 1640 medium supple-
mented with 0.5% FBS. For phosphorylated and total IkBa and
NF-kB, cells were stimulated with 10 ng/ml LPS and 10 mM
GSK1016790A for 15 min, 30 min, 1 h, 6 h, and 24 h in 1 ml of
RPMI medium containing 0.5% FBS.

Cells were prepared for lysis with a PBS wash followed by
RIPA Lysis Buffer (sc-24948; Santa Cruz Biotechnology) con-
taining protease inhibitor (cOmplete mini; Roche) and phos-
phatase inhibitor (PhosSTOP; Roche). Lysates were mixed with
Laemmli Sample Buffer (Bio-Rad Laboratories), sonicated, and
boiled at 95�C for 10 min prior to gel loading. Proteins were
detected using the following Abs: anti-TRPV4 (1:100) and anti-
NLRP3 (1:500) from Abcam (ab39260 and ab263899, respec-
tively); anti�caspase-1 (1:1,000), anti-IkBa (1:500), anti-phos-
phorylated NF-kB (1:1,000), and anti�NF-kB (1:1,000) from Cell
Signaling Technology (#3866, #9246S, #3036, and #6956, re-
spectively); and anti-phosphorylated IkBa (c-21; 1:1,000) as
well as anti�b-actin (1:1000) from Santa Cruz Biotechnology
(sc371 and sc-1616, respectively).

Multiplex cytokine detection
To detect cytokines, we ran a ProcartaPlex 20-cytokine human in-
flammation panel per the manufacturer�s instructions (EPX200-
12185-901; ThermoFisher Scientific). To stimulate cytokine produc-
tion, 5.0 × 105 cells/ml monocytes were stimulated with 10 pg/ml
LPS and 100 mM GSK1016790A in RPMI medium supplemented
with 0.5% FBS. After a 6-h incubation, 0.1% (v/v) Triton X-100was
added to lyse the cells. The cell lysate was centrifuged and the su-
pernatant used for cytokine detection.

ELISA cytokine detection
In preparation for ELISA-based cytokine detection, 5.0 × 105 cells/ml
monocyteswereculturedandstimulated inRPMI1640mediumsup-
plemented with 0.5% FBS. After a 30-min pretreatment of 30 mM
HC067047, cells were stimulated with 10 pg/ml LPS for 6 h. IL-1b
was detected in 1, 10, and 100 mM GSK1016790A-treated cells,
whereas IL-1a, IL-6, andTNF-aweremeasured following a 100-mM
GSK1016790Astimulation.

GM-CSF and/or M-CSF macrophages were collected and
treated with TrypLE Express (12604-013; Life Technologies) at
37�C for 15 min. Macrophages were cultured at 105 cells/ml in a
24-well plate with 400 ml of RPMI 1640 medium supplemented
with 0.5% FBS. After a 30-min pretreatment with 30 mM
HC067047, cells were costimulated with 10 ng/ml LPS and
10 mMGSK1016790A for 6 h to detect IL-1b. For IL-10 and IL-
8 detection, cells were stimulated for 24 h. To confirm the ef-
fect of FK506 (10007965; Cayman Chemical) by measuring
IL-1b, macrophages were pretreated with 1 nM FK506 for
30 min. After pretreatment, cells were cotreated with 10 ng/
ml LPS and 10 mMGSK1016790A for 6 h.

Cell lysate was prepared by adding 0.1% (v/v) Triton X-100 to
the cell culture directly and then stored at 4�C until analysis. The
lysate was centrifuged and the supernatant used for the assay.
R&D SystemsHumanDuo Set ELISA kits were used to detect the
following cytokines: IL-1b, IL-1a, IL-6, TNF-a, IL-10, and IL-8
(DY201-05, DY200-05, DY206-05, DY210-05, DY217B-05, and
DY208-05, respectively). The absorbance (excitation 450 nm)
was measured using a microplate reader (Infinite F200 PRO;
Tecan); the background absorbancewasmeasured at 560 nm.

Ca21 imaging
Cytosolic Ca21 imaging was performed as previously de-
scribed (25, 26). GM-CSF or M-CSF macrophages on cover-
slips were mounted in an open chamber and perfused with
standard bath solution (140 mM NaCl, 5 mM KCl, 2 mM
MgCl2, 2 mM CaCl2, 10 mM HEPES, and 10 mM glucose
[pH 7.4]). Cytosolic free Ca21 concentrations in macrophages
were measured by dual-wavelength fura 2 (Molecular Probes,
Invitrogen) microfluorometry with excitation at 340/380 nm
and emission at 510 nm. The fura 2 ratio image was calculated
and acquired using the IP-Lab imaging processing system
(Scanalytics Inc, Fairfax, VA).
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RNA interference
Human small interfering RNA (siRNA) targeting human TRPV4
(s34001, 4392421) and a negative control (#2, 439087) were pur-
chased from Ambion. GM-CSF macrophages were transfected
with 75 nM siRNA by electroporation (Neon Transfection system;
Invitrogen). After electroporation, cells were incubated for 2 d in
RPMI supplemented with 20% FBS and 105 cells/ml cultured in a
24-well plate with 400 ml of RPMI 1640 medium supplemented
with 0.5% FBS. The cells were then costimulated with 10 ng/ml
LPS and 10 mMGSK1016790A for 6 h to detect IL-1b using ELISA.
M-CSF macrophages were cultured at 5.0 × 104 cells/well in a 24-
well plate and then transfected with 100 nM siRNA by Lipofect-
amine RNAiMAX (13778-150; Invitrogen) 24 h after passage per
the manufacturer�s instructions. Six hours after the transfection,
the media was replaced with RPMI 1640 medium supplemented
with 20% FBS. Two days after transfection, the cells were sus-
pended in 400 ml of RPMI 1640medium plus 0.5% FBS and either
costimulated with 10 ng/ml LPS and 10 mMGSK1016790A for 6 h
to detect IL-1b or stimulated for 24 h to detect IL-10. The knock-
down efficiency in both macrophages was confirmed by quantita-
tive RT-PCR (RT-qPCR).

Luciferase assay
293/hTLR4-MD2-CD14 cells were cultured in a 24-well plate and
cotransfected with NanoLuc experimental reporter (pNL3.2.NF-
kB-RE[NlucP/NF-kB-RE/Hygro] vector or pNL1.2[NlucP] vector;
Promega) and firefly loading control reporter (pGL4.54[luc2/TK]
vector; Promega) with pcDNA3.1-TRPV4 or the pcDNA3.1 empty
vector with polyethylenimine. Promoter response elements (REs)
were inserted into pNL1.2[NlucP] at the KpnI/HindIII site. Cells
were cultured for 24 h in DMEM medium plus 10% FBS after
transfection. Twenty-four hours after transfection, the culture
medium was replaced with 500 ml of DMEMmedium plus 0.5%
FBS, 1 mg/ml LPS, and 50 mMGSK1016790A. Twenty-four hours
later, luminescence was detected using a Nano-Glo Dual-
Luciferase Reporter Assay System (Promega) per the man-
ufacturer�s instructions.

To confirm the effect of FK506, 293/hTLR4-MD2-CD14 cells
were transfected with the NanoLuc, NFAT-RE, and firefly re-
porters as well as the pcDNA3.1-TRPV4 vector. Cells were stimu-
lated for 24 h with 50 mM GSK1016790A and 1 nM FK506.
Promoter REs inserted into the pNL1.2[NlucP] vector were am-
plified using the following primers: NFAT, forward 50-GGAG-
GAAAAACTGTTTCATACAGAAGGCGTGGAGGAAAAACTGT-
TTCATACAGAAGGCGTGGAGGAAAAACTGTTTCATACAGA-
AGGCGT-30 and reverse 50-ACGCCTTCTGTATGAAACAGT-
TTTTCCTCCACGCCTTCTGTATGAAACAGTTTTTCCTCCA-
CGCCTTCTGTATGAAACAGTTTTTCCTCC-30; PU.1, forward
50-TACTCTTTTCCCCTTTCCTTTAACT-30 and reverse 50-AGT-
TAAAGGAAAGGGGAAAAGAGTA-30; AP-1, forward 50-TGAGT-
CAGTGACTCAGTGAGTCAGTGACTCAGTGAGTCAGTGACT-
CAG-30 and reverse 50-CTGAGTCACTGACTCACTGAGTCAC-
TGACTCACTGAGTCACTGACTCA-30; CREB, forward 50-GC-
ACCAGACAGTGACGTCAGCTGCCAGATCCCATGGCCGTCA-
TACTGTGACGTCTTTCAGACACCCCATTGACGTCAATGGG-

AGAAC-30 and reverse 50-GTTCTCCCATTGACGTCAATGG-
GGTGTCTGAAAGACGTCACAGTATGACGGCCATGGGATC-
TGGCAGCTGACGTCACTGTCTGGTGC-30; and IRF5, forward
50-GCCTAGCACTAACCGAAACCGAAACCTAAGTGCTA-30 and
reverse50-TAGCACTTAGGTTTCGGTTTCGGTTAGTGCTAGGC-30.

Flow cytometry
To investigate the effect of TRPV4 activation on the differentia-
tion of monocytes into macrophages, 10 mM GSK1016790A was
added to 50 ng/ml GM-CSF or 50 ng/ml M-CSF and cultured
for 7 d. GSK2193874 (SML0942-5MG; Sigma-Aldrich), an an-
tagonist of TRPV4, was added at 1 mM simultaneously. After
7 d, the adherent cells were collected by incubating them with
TrypLE Express at 37�C for 15 min. Dead cells were stained
with LIVE/DEAD Fixable Aqua Dead Cell Stain kit (L34966;
Invitrogen) and the cell-surface marker CD11b stained with al-
lophycocyanin-conjugated anti-human CD11b Ab (301309; BioL-
egend). After labeling, the cells were fixed with 0.5% (v/v)
paraformaldehyde, and protein expression was analyzed using
a BD FACSAria II (BD Biosciences). All data were analyzed by
using BD FACSDiva and FlowJo software.

Fluorescence in situ hybridization and immunostaining
All formalin-fixed, paraffin-embedded skin sections were ob-
tained from patients or healthy volunteers following the ethical
guidelines of Nagoya City University (approval number 60-18-
0003). Skin samples were deparaffinized and pretreated using
the RNAscope Multiplex Fluorescent Reagent Kit v2 (323100;
ACDBio) per the manufacturer�s protocol. Fluorescence in situ
hybridization (FISH) was performed using a human TRPV4
probe (RNAscope Target Probe Hs-TRPV4, 452221; ACDBio),
detected by Opal 520 (Opal 520 Reagent Pack, FP1487001KT;
Akoya Biosciences) (1:1,500), and followed by DAPI staining.
Positive (RNAscope Positive Control Probe Hs-PPIB, 313901;
ACDBio) and negative probes (RNAscope Negative Control
Probe-DapB, 310043; ACDBio) were used as controls in each
experiment. Slides were blocked by incubation in 10% FBS and
0.1% Triton X-100 in PBS for 30 min at room temperature.
Primary Abs were incubated overnight at 4�C. The following
Abs were used: anti-CD11b (1:100; ab52478; Abcam); Alexa
Fluor 647�conjugated anti-arginase-1 (1:100; #43279; Cell
Signaling Technology); allophycocyanin-conjugated, anti-hu-
man CD11b (301309; BioLegend); Alexa Fluor 594�conjugated
anti�inducible NO synthase (iNOS; 1:100; sc-7271; Santa Cruz
Biotechnology); anti-CD68 (1:100) (#76437; Cell Signaling
Technology); and anti�arginase-1 (1:100; #43933; Cell Sig-
naling Technology). Goat anti-rabbit IgG (H1L) cross-
adsorbed secondary Ab and Alexa Fluor 594 (A-11037;
Thermo Fisher Scientific) were used for CD11b visualization.
Goat anti-mouse IgG (H1L) cross-adsorbed secondary Ab and
Alexa Fluor 594 (A-11032; Thermo Fisher Scientific) were used
for arginase-1 detection. Donkey anti-rabbit IgG (H1L) cross-
adsorbed secondary Ab and Alexa Fluor 647 (A-31573; Thermo
Fisher Scientific) were used for CD68 detection.
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FIGURE 1. Functional expression of TRPV4 in human macrophages.

(A)Median rateof TRPV4mRNAexpression inday0monocytes (Mo), day 7monocytes,monocyte-derivedGM-CSFmacrophages (Mu),mandM-CSFmac-

rophages. Values were normalized to 18s rRNA expression. *p< 0.05, Steel test; n5 10 donors. (B) Western blot of TRPV4 (90 kDa) and b-actin (40 kDa) in

GM-CSF macrophages, M-CSF macrophages, and day 0 monocytes. HEK293T cell lysate transfected with pcDNA3.1-TRPV4 as a positive control (HEK-

TRPV4) or pcDNA3.1-empty as negative control (HEK-mock) was used. Dose dependence of GSK1016790A (0.01, 0.1, 0.2, 1, 2, 10, and 50 mM) assessed by

measuring cytosolic Ca21 increases in GM-CSF (C) or M-CSF (D) macrophages, respectively. Changes in fura 2 ratio by GSK1016790A were normalized to

changes in the fura 2 ratio by 10 mM ionomycin. Data are presented as themean6 SEM. EC50 values were 0.66 mM in GM-CSFmacrophages (n5 10–49,

2 donors) and 0.58 mM in M-CSF macrophages (n 5 6–90, 3 donors). Fura 2 ratio changes by 10 mM GSK1016790A in GM-CSF (E) or M-CSF (F) macro-

phages control (black) and TRPV4 knockdown cells (white) (left). (E and F) Changes in fura 2 ratio by GSK1016790Awere normalized to changes in the fura

2 ratio by 10 mM ionomycin (right). Data are presented as the mean 6 SEM (GM-CSF Mu, Ctrl, n 5 52; TRPV4 KD, n 5 110, 2 donors; and (Continued)
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Samples were mounted using a Prolong Gold (Thermo Fisher
Scientific), and slides were observed using an Olympus VS200 re-
search slide scanner. Tenmagnified dermis images were taken by
VS200 and the number of macrophages in each counted. Tomea-
sure the intensity of expression of eachmarker, we set the thresh-
old of intensity by quantifying positive and negative signals. Cells
above the threshold were defined as positive, and cells below the
thresholdwere defined as negative.

Donor information was as follows: patients with AD were a
19-y-old female, 30-y-old male, 44-y-old female, 40-y-old fe-
male, and 29-y-old male. Healthy donors were a 50-y-old male,
38-y-old female, 53-y-old female, 36-y-old male, and 40-y-old
female.

Statistical analysis
Statistical analyses were performed with Excel (Microsoft) soft-
ware or GraphPad Prism 7 software (MDF). The cytokine pro-
duction, mRNA expression level, and protein expression levels
of NLRP3 and caspase-1 were analyzed using the Steel test.
The knockdown efficiency and Ca21 imaging were analyzed us-
ing the Mann�Whitney U test. The Wilcoxon signed-rank one-
sided test was used to compare the expression level of NF-kB
components induced by LPS with or without GSK1016790A.
The Tukey-Kramer test was used to analyze luciferase assay re-
sults. The Kruskal-Wallis test was used to analyze the charac-
teristics of macrophages in the skin.

RESULTS

TRPV4 activation in macrophages decreases LPS-induced
cytokine expression
To investigate the mRNA expression patterns of 27 TRP channels
expressed in human immune cells (including granulocytes, mono-
cytes, dendritic cells, NK cells, B cells, andT cells), we searched and
analyzed transcriptome data available from the Human Protein At-
las database (www.proteinatlas.org/). A cell cluster analysis using
single-cell RNA sequence data revealed that TRPs V1, V2, V4, M2,
M3, M4, M6, M7, M8, and C6 were expressed in immune cells. In
monocyte clusters, the TRPs V2, V4, M2, M4, and M7 were ex-
pressed. Although most of these TRP channels were expressed in
several cell populations, only TRPV4 was expressed exclusively
in monocytes (ENSG00000111199-TRPV4/immune1cell). To
confirm the expression of TRPV4 in human primary monocytes,
we measured TRPV4mRNA levels in human primary monocytes
and monocyte-derived macrophages using RT-qPCR. Due to
technical difficulties in isolating macrophages from human

tissues, we isolated monocytes from PBMCs and differentiated
macrophages in vitro with a 7-d GM-CSF or M-CSF cytokine
stimulation. Compared to primary, day 0 monocytes, we found
that TRPV4 mRNA was expressed 6.6 times higher in GM-CSF
(M1) macrophages and 6.9 times higher in M-CSF (M2) macro-
phages (Fig. 1A). To investigate TRPV4 protein expression, we
performedWestern blotting analysis. As expected, a TRPV4 band
was detected in all three cell types, namely day 0 monocytes,
GM-CSF macrophages, and M-CSF macrophages, although
we did not find significant differences between these samples
(Fig. 1B, Supplemental Fig. 1A, 1B). These results suggested
that human monocyte-derived macrophages and primary mono-
cytes express TRPV4 protein.

Macrophages and monocytes secrete inflammatory cytokines
when they are activated by stimuli during immune responses (4).
To ask if TRPV4 activation regulates cytokine expression, we used
the Bio-Plex Multiplex ELISA system and performed the first
screen using primary monocytes. We stimulated monocytes with
LPS for 6 h and then measured cytokine levels in the supernatant
lysate mixture. This analysis identified a decrease of 17 cytokine
levels in human monocytes stimulated with GSK1016790A, a spe-
cific TRPV4 activator (Supplemental Fig. 1C), which suggests that
TRPV4 activation in monocytes decreases inflammatory cytokine
expression. To more quantitatively measure the expression level
of cytokines, we also employed multiple single ELISA analyses.
Like the Bio-Plex data, IL-1b production was decreased in an in-
hibitor concentration-dependentmanner. This decrease in expres-
sion was minimized by pretreatment with HC067047, a TRPV4
inhibitor (Supplemental Fig. 1D). Contrary to our expectations,
HC067047 moderated only the effect of GSK1016790A on IL-1b
expression; cotreating HC067047 and GSK1016790A did not
change IL-1a, IL-6, or TNF-a levels compared with the
GSK1016790A alone group, although these cytokine levels
were significantly suppressed by GSK1016790A (Supplemental
Fig. 1E�G). These results suggested that IL-1b regulation was
TRPV4 activation�specific, so we next asked what the effect of
TRPV4 activation was on IL-1b expression in monocyte-derived
macrophages.

Next, we investigated whether human macrophages express
TRPV4 functionally by observing cytosolic Ca21. The dose de-
pendence of GSK1016790A revealed an EC50 of 0.66 mM and
0.58 mM in GM-CSF and M-CSF macrophages, respectively
(Fig. 1C, 1D). Aswe found that an increase in intracellularCa21 con-
centrations by 10 mMGSK1016790Awas significantly suppressed in
TRPV4knockdownmacrophages,we suggest that increase in intra-
cellular Ca21 concentrations induced by GSK1016790A is TRPV4-
dependent (Fig. 1E, 1F). Similarly, we investigated the effect of the

M-CSF Mu, Ctrl, n 5 29, TRPV4 KD, n 5 6, 2 donors). **p < 0.01, ****p < 0.0001, Mann–Whitney U test. Effects of 30 mM HC067047 on 10 mM

GSK1016790A-induced cytosolic Ca21 increases in GM-CSF (G) or M-CSF (H) macrophages. Changes in fura 2 ratios by GSK1016790A or GSK1016790A

plus HC067047were normalized to changes of the fura 2 ratio by 10 mM ionomycin. The bar graph shows themean6 SEM (GM-CSFMu, n5 57, 1 donor;

andM-CSFMu,n5 14, 1 donor). ****p< 0.0001,Mann–WhitneyU test. Expression levels of IL-1b inGM-CSF (I) orM-CSF (J)macrophagesweremeasured

by ELISA. Cells were costimulated for 6 hwith 10 ng/ml LPS and 1 or 10 mMGSK1016790A. All valueswere normalized to the LPS-alone group. Graph shows

median. *p< 0.05, Steel test;n5 5donors.
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FIGURE 2. Activation of TRPV4 suppresses the production of IL-1b in macrophages.

Expression of IL-1b (A and B), IL-10 (C and D), and IL-8 (E and F) in GM-CSF or M-CSF macrophages (Mu) as measured by ELISA. Cells were costimu-

lated for 6 (A and B) or 24 h (C–F) with 10 ng/ml LPS and 10 mMGSK1016790A after a 30-min pretreatment with 30 mM HC067047. The graph shows

the median value. *p < 0.05, **p < 0.01, Steel test; n 5 10 donors. Knockdown efficiency of TRPV4 measured by RT-qPCR in (Continued)
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TRPV4 inhibitor HC067047 on an increase in intracellular Ca21

concentrations, andwe found that 30 mMHC067047 significantly
inhibited increase in intracellular Ca21 concentrations by
GSK1016790A in bothGM-CSF andM-CSFmacrophages (Fig. 1G,
1H) (23). These data suggested that humanmacrophages express
functional TRPV4, sowe next investigated the physiologicalmean-
ing of TRPV4 expression in these cells.

We examined the effect of GSK1016790A on LPS-induced
IL-1b production in GM-CSF and M-CSF macrophages. Cells
were costimulatedwith 10 ng/ml LPS and 1 or 10 mMGSK1016790A
for 6 h, and IL-1b production was detected by ELISA (Fig. 1I, 1J).
The results suggested that GSK1016790A significantly suppressed
IL-1b production compared with stimulation with LPS alone
(Fig. 1I, 1J). Based on the results of Ca21 imaging and ELISA, we
employed 10 mMGSK1016790A for further experiments.

We next stimulated macrophages with LPS for 6 h to in-
duce cytokine expression with either a TRPV4 activator or in-
hibitor. In both GM-CSF and M-CSF macrophages, TRPV4
activation decreased IL-1b expression (Figs. 1I, 1J, 2A, 2B). Sim-
ilar to monocytes, the effect of GSK1016790A was moderated
by HC067047, suggesting that TRPV4 activation decreases
IL-1b expression in both macrophages and monocytes.
HC067047 alone with LPS did not change IL-1b expres-
sion (Supplemental Fig. 1H, 1I). To further understand the
effect of TRPV4 on anti-inflammatory cytokine expression,
we investigated IL-10, a cytokine mainly secreted by M2 mac-
rophages. Although we did not detect IL-10 in GM-CSF macro-
phages (Fig. 2C), M-CSF macrophages produced IL-10 following
stimulation with LPS for 24 h; the activation of TRPV4 sup-
pressed IL-10 production (Fig. 2D). However, these effects were
not inhibited by the TRPV4 inhibitor HC067047. Having shown
that TRPV4 activation decreased the expression of several cyto-
kines, including chemokines and Th2 cytokines, in monocytes
(Supplemental Fig. 1C), we next investigated the expression lev-
els of the chemokine IL-8 and the Th2 cytokines IL-4 and IL-13
in macrophages stimulated with LPS. The activation of TRPV4
did not change LPS-induced IL-8 expression (Fig. 2E, 2F). Fur-
thermore, IL-4 and IL-13 were not detected in either macro-
phages (unpublished data), suggesting that TRPV4 activation
specifically regulated IL-1b expression induced by LPS.

Wewere concerned that high concentrations of TRPV4 agonists/
antagonists might affect other TRP channels (27, 28), although
GSK1016790A is accepted as a highly selective TRPV4 agonist.
To further validate the role of TRPV4 in decreased IL-1b, we
performed knockdown experiments using siRNA to target human
TRPV4 (Fig. 2G, 2H). As expected, GSK1016790A decreased
IL-1b expression in nontarget siRNA-treated macrophages (Fig. 2I,
2J). In contrast, the TRPV4 knockdown minimized the effect
of GSK1016790A, suggesting that the decrease of IL-1b

induced by GSK1016790A is TRPV4-dependent. Altogether, our
data strongly suggest that TRPV4 activation decreases LPS-in-
duced IL-1b expression in both humanM1 andM2macrophages.

TRPV4 activation suppresses mRNA expression of IL-1b
and NLRP3 in macrophages
Having demonstrated that TRPV4 activation suppressed the pro-
duction of IL-1b, we next sought to further understand themecha-
nisms of howTRPV4 regulates IL-1b expression by first analyzing
IL-1b mRNA expression by RT-qPCR. Among all three cell types,
including GM-CSF macrophages, M-CSF macrophages, and pri-
mary monocytes, TRPV4 activation significantly decreased IL-1b
mRNA expression, whereas pretreatment with the TRPV4 inhibi-
tor HC067047 minimized the effect of GSK1016790A (Fig. 3A,
3B, Supplemental Fig. 1J). These results suggest that TRPV4
activation downregulates IL-1b mRNA expression. Next, we
asked if TRPV4 activation regulates NLRP3 and procaspase-1
expression levels, because premature IL-1b protein is proc-
essed into mature IL-1b by inflammasomes composed of
NLRP3 and caspase-1. We found that the expression of NLRP3
was decreased by TRPV4 activation in both GM-CSF and
M-CSFmacrophages (Fig. 3C�E). Interestingly, the physiolog-
ical function of TRPV4 on procaspase-1 regulation was differ-
ent between the two macrophage types; procaspase-1 levels
were decreased in M-CSF macrophages in a TRPV4 activa-
tion-dependent manner. In contrast, procaspase-1 expression
was not decreased in GM-CSF macrophages, although the
cells were stimulated with GSK1016790A (Fig. 3F, 3G). These
data suggest that TRPV4 activation suppresses not only IL-1b
mRNA, but also NLRP3 expression, raising the possibility that
the physiological role of TRPV4 in procaspase-1 regulation is
different between GM-CSF andM-CSFmacrophages.

Activating TRPV4 suppresses activation of the NF-jB
pathway
IL-1b and NLRP3 expression are regulated by NF-kB activity, and
this transcriptional system is tightly regulatedby cross-talkwith sev-
eral pathways, including JNK and cAMP-CREB signaling (29�31).
To ask if TRPV4activationmodifies one of these signaling pathways
or a transcription factor, we performed a luciferase assay with
HEK293 cells constitutively expressing human TLR4, MD2, and
CD14 (32, 33). Interestingly, the overexpression of TRPV4 highly
activated all transcriptional activities (Supplemental Fig. 2A�F).
Among the six reporters, NF-kB, NFAT, PU.1, and IRF5 activation
in the combination GSK1016790A and LPS-treated group changed
significantly compared with treatment with LPS alone. Cotreating
with LPS and GSK1016790A activated NFAT, PU.1, and IRF5 com-
pared with the LPS-stimulated group, whereas NF-kB activation
was significantly decreased (Supplemental Fig. 2A�F). These results

GM-CSF (G) and M-CSF (H) macrophages. The bar graph shows the median value. **p< 0.01, Mann–Whitney U test; n5 6 donors. (I and J) IL-1b ex-

pression inmacrophages treated with control siRNA (left) and TRPV4 siRNA (right) measured by ELISA. Cells were costimulated with 10 ng/ml LPS and

10 mMGSK1016790A. GM-CSF (I) and M-CSF (J) macrophages were stimulated for 6 h. The bar graph shows the median values. *p< 0.05, **p< 0.01,

Steel test; n5 6 donors.
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FIGURE 3. Activating TRPV4 suppresses mRNA expression of IL-1b and NLRP3 in macrophages.

(A and B) The mRNA expression level of IL-1b in GM-CSF or M-CSF macrophages (Mu) measured by RT-qPCR. Cells were stimulated for 6 h with

10 ng/ml LPS and 10 mM GSK1016790A following a 30-min 30-mM HC067047 pretreatment. IL-1b values were normalized to GAPDH mRNA ex-

pression and the IL-1b/GAPDH values normalized to the LPS-alone group. Bar graph shows median. **p < 0.01, #p < 0.05, (Continued)
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suggest that TRPV4 activation suppressed NF-kB signaling while
activating NFAT, PU.1, and IRF5. To further understand the
regulation mechanisms by which TRPV4 activation downre-
gulates NF-kB signaling, we examined the expression and
phosphorylation level of NF-kB components with time depen-
dency in macrophages. Notably, the expression pattern of
each component was different between GM-CSF and M-CSF
macrophages. IkBa and p65 were activated earlier in M-CSF
macrophages, and these activation peaks occurred 15 min after
LPS stimulation (Fig. 4A�E). In contrast to M-CSF macro-
phages, GM-CSF macrophages activated these components
later, with the activation peak of these components occurring
30 min or later. In both macrophages, TRPV4 activation sig-
nificantly decreased the activation of NF-kB signaling compo-
nents, which suggests that TRPV4 inhibits NF-kB signaling by
decreasing the phosphorylation of IkBa and p-65.

We demonstrated that TRPV4 activation decreased the phos-
phorylation of NF-kB components, whereas JNK-NFAT signal-
ing was activated (Fig. 4A�E, Supplemental Fig. 2A�F). As NFAT
activation is regulated by a balance between phosphorylation and
dephosphorylation, we hypothesized that TRPV4 may regulate
kinase or phosphatase activity. Zaccor et al. (34) reported that
TRPV4 activation induces Ca21 influx, which activates calci-
neurin phosphatase. Therefore, we examined whether a specific
inhibitor of calcineurin FK506 could inhibit the NFAT activity
induced by TRPV4 activation. A luciferase assay suggested
that calcineurin inhibition by FK506 significantly decreased
GSK1016790A-induced NFAT activation (Supplemental Fig. 2G).
Cotreating with FK506, GSK1016790A, and LPS did not change
the IL-1b expression compared with LPS alone (Fig. 4F), which
suggests that the TRPV4-calcineurin pathway regulates NF-kB,
theNFATpathway, and IL-1b expression.

TRPV4 activation inhibits M1, but not M2, macrophage
differentiation
Next, we investigated whether TRPV4 was involved in the differ-
entiation of monocytes into macrophages.We culturedmonocytes
with GM-CSF or M-CSF cytokines and supplemented with the
TRPV4 activator GSK1016790A for 7 d. To quantitatively analyze
the effect of TRPV4 activation on macrophage differentiation, we
performed flow cytometry to measure cell surface markers. Our
data suggest that CD11bhigh populations were decreased in GM-
CSFmacrophages culturedwith GSK1016790A and that this effect
was inhibited by GSK2193874, a TRPV4 antagonist. In contrast,
the expression of CD11b in M-CSF macrophages did not change
even after treatment with GSK1016790A or GSK2193874 (Fig. 5A,
5B, Supplemental Fig. 2H). Our flow cytometry data suggested

that TRPV4 activation inhibited GM-CSFmacrophage differentia-
tion, but notM-CSFmacrophage differentiation.

M1macrophages that do not express TRPV4 are increased
in the dermis of AD
Having clarified that TRPV4 activation suppresses inflamma-
tory responses in human macrophages and monocytes, we next
investigated the relationship between TRPV4 expression and
macrophage polarization markers in inflammatory skin dis-
eases. We observed TRPV4 mRNA and macrophage marker
proteins in human skin specimens of AD and psoriasis using a
combination of FISH and fluorescent immunostaining. We ob-
served that macrophages were primarily in the dermis, but not
the epidermis, of all skin samples (Fig. 6A, 6B, Supplemental
Figs. 3, 4A, 4B). In AD, TRPV4-negative macrophages were sig-
nificantly increased compared with healthy skin (Fig. 6C,
Supplemental Fig. 4A�E). In psoriasis, dermal macrophages
rarely expressed TRPV4 mRNA, whereas the keratinocytes in
these specimens did (Supplemental Fig. 3B, 3C). To investigate
the physiological and pathological functions of TRPV4 in mac-
rophages, we next investigated the relationship of M1 macro-
phage differentiation and TRPV4 expression in AD. We stained
human skin with the M1 macrophage marker iNOS, M2 macro-
phage marker arginase-1, and pan-macrophage markers CD11b
and CD68 as well as TRPV4 mRNA by FISH. When we investi-
gated the M1/M2 macrophage population and TRPV4 expres-
sion patterns, the count of TRPV4-negative, iNOS-positive
macrophages was significantly increased in AD compared with
healthy skin (Fig. 6B, 6E, Supplemental Fig. 4B, 4D, 4G), whereas
thepercentage of arginase-1�positivemacrophageswasnot changed
by TRPV4 expression (Fig. 6A, 6D, Supplemental Fig. 4A, 4C, 4F).
As our data suggested that iNOS-positive, TRPV4-negative macro-
phages were increased in AD, we hypothesized that TRPV4 in der-
malmacrophages polarized toM2but notM1macrophages.

In this study, we highlight that TRPV4 activation inhibits in-
flammatory cytokine expression, NF-kB signaling, andM1 polari-
zation in human macrophages. Although we have not clarified
the physiological function of TRPV4 in macrophages during skin
homeostasis, our data raise the possibility that TRPV4 works as
an inflammation suppressor in humanmacrophages.

DISCUSSION

In this study, we showed that TRPV4 activation suppressed
IL-1b production in human macrophages and monocytes by in-
hibiting the NF-kB pathway (Figs. 1�4, Supplemental Figs. 1, 2).
The calcineurin inhibitor FK506 reduced NFAT activation and
rescued IL-1b reduction induced by the TRPV4 agonist in

##p < 0.01, Steel test; n 5 10 donors. (C) Representative protein expression of NLRP3 (110 kDa), caspase-1 (48 kDa), and b-actin (40 kDa) in GM-

CSF or M-CSF macrophages detected by Western blot. Cells were stimulated with 10 ng/ml LPS and 10 mM GSK1016790A for 6 h, 30 min after a

30-mM HC067047 pretreatment. (D–G) The band intensities of (C) were quantified using ImageJ. Values were normalized to b-actin intensity and

the LPS-alone group. Bar graph shows median. *p < 0.05, Steel test; n 5 5 donors.
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FIGURE 4. Activating TRPV4 suppresses NF-kB activity in macrophages.

(A) Representative protein expression of phosphorylated and total IkBa (39 kDa), NF-kB (65 kDa), and b-actin (40 kDa) in GM-CSF or M-CSF mac-

rophages (Mu). Cells were costimulated with 10 ng/ml LPS and 10 mM GSK1016790A for 15 min, 30 min, 1 h, 6 h, and 24 h. (B–E) Band intensities in

(A) were quantified using ImageJ software. p-IkBa/total IkBa (B), p–NF-kB/total NF-kB (C), total IkBa/b-actin (D), and total NF-kB/b-actin (E) are

shown. All values in each group were normalized to the maximum value. The line graph shows the mean 6 SEM. *p < 0.05, Wilcoxon signed-rank

test, one-sided; n 5 4 donors. (F) IL-1b production in GM-CSF or M-CSF macrophages measured by ELISA. Cells were costimulated with 10 ng/ml

LPS and 10 mM GSK1016790A for 6 h after a 30-min pretreatment with 1 nM FK506. Bar graph shows the median. *p < 0.05, **p < 0.01, Steel test

and paired t test (LPS plus GSK1016790A vs. LPS plus GSK1016790A plus FK506); n 5 7 donors.
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macrophages, suggesting that IL-1b production is also regulated
by NFAT signaling and that the TRPV4-calcineurin axis activates
the NFAT pathway while inhibiting NF-kB signaling and cyto-
kine production.We also found that the TRPV4 functions to sup-
press GM-CSFmacrophage polarization (Figs. 5, 6, Supplemental
Figs. 2�4). TRPV4-negative-/iNOS-positive macrophages were
significantly increased in AD compared with healthy skin dermis,
which suggests a correlation between TRPV4 expression andM1
macrophage differentiation in human skin. Our results highlight
the TRPV4 function as an inflammatory regulator in human
macrophages.

A component of Gram-negative bacteria, LPS is widely ac-
cepted as a standard TLR4 ligand. The activation of TLR4 ini-
tiates the NF-kB and MAPK signaling pathway, which induces
the production of proinflammatory cytokines. Because the alter-
ation of skin microbiota is widely observed in several skin dis-
eases (35) and this alteration may be the cause of such diseases,
we focused on TLR4 signals in macrophages. It is well known
that Staphylococcus aureus infections worsen AD symptoms,

and cutaneous immune systems are modulated by com-
mensal microbiota alterations (36, 37). Takeuchi et al. (38)
demonstrated that TNF-a expression was significantly di-
minished in TLR4 knockout mice compared with wild-
type mice, despite stimulating mice with LTA derived from S.
aureus membrane components. This finding strongly suggested
that S. aureus infections activate TLR4 signaling and raise the
possibility that TLR4 is activated in AD lesions. Further studies
regarding TRPV4 and TLR4 signaling in vivo are required to
address this question.

The mechanism by which TRPV4 suppresses cytokine pro-
duction is still unclear. After we found that TRPV4 activation
decreased the availability of phosphorylated NF-kB compo-
nents, we hypothesized that TRPV4 signaling may activate a
phosphatase that targets NF-kB components. It has been re-
ported that TRPV4 directly activates calcineurin phosphatase
(34, 39, 40). These reports led us to treat macrophages with
FK506, a calcineurin inhibitor. FK506 showed a partial but sig-
nificant effect on GSK1016790A treatment in IL-1b production

A

B

FIGURE 5. Activating TRPV4 suppresses cell differentiation from monocytes into GM-CSF, but not M-CSF, macrophages.

Monocytes were differentiated into GM-CSF or M-CSF macrophages (Mu) with or without 10 mM GSK1016790A or 1 mM GSK2193874 for 7 d.

(A) CD11b expression in GM-CSF or M-CSF macrophages as measured by flow cytometry. (B) Mean fluorescence intensity (MFI) of CD11b in

GM-CSF and M-CSF macrophages. MFI was quantified using FlowJo software. n 5 4 donors in GM-CSF macrophages and n 5 3 donors in

M-CSF macrophages. The bar graph shows the mean values and the error bars indicate the SEM. *p < 0.05, Steel test.
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FIGURE 6. Downregulation of TRPV4 increases iNOS-positive macrophage presence during AD.

(A) Representative fluorescent images of CD11b (red), TRPV4 (green; FISH), arginase-1 (white), and DAPI-stained nuclei in healthy and AD dermis

(left; scale bars, 50 mm). The rectangular areas (white dashed line) were magnified and shown on the right (scale bars, 10 mm). (B) Representative

fluorescent images of CD11b (white), TRPV4 (green, FISH), iNOS (red), and DAPI-stained nuclei in healthy and AD dermis (Continued)
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(Fig. 4F), which suggests the cross-talk of these signaling path-
ways. Previous work has shown that a Ca21 influx through
TRPC1 channels increases NF-kB expression as well as the ex-
pression of A20, a protein that negatively feeds back on NF-kB
(41). In our data, we found that the expression of phosphory-
lated NF-kB induced by a 30-min treatment with both LPS and
GSK1016790A was higher than that of LPS stimulation alone
(Fig. 3A, 3C). Our finding raised the possibility that TRPV4 ac-
tivation induced the negative feedback of NF-kB signaling,
which suppressed the production of cytokines like IL-1b.

The regulation of IL-1b expression was TRPV4 activa-
tion�dependent, but the regulation of the expression of other
cytokines, including IL-1a, IL-6, IL-10, and TNF-a, was not; we
did not find any effect of the TRPV4 inhibitor on cytokine pro-
duction (Supplemental Fig. 1E�G). Unlike IL-10, IL-6, and
TNF-a (42), IL-1b requires the NLRP3 inflammasome for its
maturation, suggesting that TRPV4 regulates the NLRP3 path-
way. We also examined the interesting possibility that TRPV4
activation had different effects on each transcription factor.
When we activated TRPV4 with GSK1016790A during LPS
stimulation, NF-kB luciferase activity significantly decreased,
whereas the activity of NFAT, PU.1, and IRF5 increased
(Supplemental Fig. 2). Treatment with HC067047 during LPS
stimulation did not change NF-kB activity compared with LPS
stimulation alone, although NFAT activity tended to decrease
(data not shown). Our data suggest that NFAT regulation is
sensitive to Ca21 concentration, and cytokine production may
have been affected by the rigorous balance of transcription fac-
tors, affecting other cytokine levels.

The physiological roles of M1/M2 macrophages remain un-
clear. Unexpectedly, we found that M2 anti-inflammatory M-CSF
macrophages expressed high levels of NLRP3 compared with M1
GM-CSF inflammatorymacrophages (Fig. 3C).We also found that
NF-kB components were activated earlier inM-CSFmacrophages
than in GM-CSFmacrophages (Fig. 4A). It is widely accepted that
M2 macrophages are dominant in the healthy dermis (5) (Fig. 6,
Supplemental Fig. 4). Our findings raise an interesting possibility
that dermal M2 macrophages react more quickly than M1 macro-
phages, which allows the maintenance of tissue homeostasis. Al-
though NLRP3 expression in M1 GM-CSF macrophages was less
thanM-CSFmacrophages, GM-CSFmacrophages showed a simi-
lar expression level of inflammatory cytokines, including
IL-1b (Fig. 2). In contrast to inflammatory cytokines, IL-10 anti-
inflammatory cytokines were low compared with M-CSF macro-
phages (Fig. 2C, 2D). Our data still do not provide an insight into the
physiological functions of each macrophage population; however,
we hypothesize that M1 macrophages can accelerate inflammation
in tissues because they do not weaken inflammatory responses. It

has been reported that NLRP3 promotes macrophage polarization
to theM2by increasing IL-4production (43). AlthoughNLRP3 reg-
ulation mechanisms remain unclear, our findings support our hy-
pothesis that TRPV4 regulatesNLRP3 andM2polarization.

In general, the activation of temperature-sensitive TRP
channels at the optimum temperature was thought to be par-
tial, and the effects of ligands, hypotonic conditions, and ago-
nists are usually exerted even at the optimal temperature (18).
Therefore, we hypothesized that TRPV4 is not fully activated
at physiological temperature without a ligand/agonist. Interest-
ingly, some recent articles suggest a relationship between cli-
matologic factors and AD. Low temperature and low humidity
may lead to skin barrier dysfunction and increase the risk of
dermatitis (44); however, the relationship between immune re-
sponses, temperature, and skin diseases remains unknown. In-
vestigations of the local temperature in AD lesions will be
pursued in future work. 50, 6�-Epoxyeicosatrienoic acid (EET),
the cytochrome P450-mediated metabolite of arachidonic acid
(45, 46), has been identified as an endogenous ligand for
TRPV4. Many reports suggest that macrophage function is reg-
ulated by the balance of fatty acid metabolism (47), and it is
also reported that epoxy fatty acids have anti-inflammatory and
tissue-protective effects (48, 49). CYP2J2, a metabolic enzyme
of EET, is expressed in human monocytes and macrophages
(50, 51), and EET regulates both the balance of fatty acid me-
tabolism and TRPV4 activation. As the expression of CYP2J2
in AD decreases compared with healthy tissue (52), it is possi-
ble that EET expression in AD is low, which may result in
TRPV4 inactivation and hyperimmunoreactivity. The expres-
sion levels of EET and CYP2J2 in skin diseases other than AD
are not clear, so further investigation is required.

In this study, we found that TRPV4 expression is decreased in
dermal macrophages during AD and psoriasis. These inflamma-
tory skin diseases also have differing cytokine expression pat-
terns. Therefore, we hypothesized that a specific cytokine may
change TRPV4 expression. In AD, a Th2-dominant response is
overproduced and prevents the transition to a Th1-dominant re-
sponse (12). We note that one of the study limitations is that we
have not yet identified the regulation mechanisms of TRPV4 ex-
pression/activation in AD. Future work focusing on the regula-
tion of TRPV4 expression by cytokine stimulation should be
performed. Although we have not clarified the regulatory mecha-
nism of TRPV4 expression and activation in diseases, we hypoth-
esize that the change in expression of TRPV4 leads to the
dysregulation of homeostasis. The dysregulation of IL-1 family
signaling has been observed in several skin diseases and linked to
the pathology of psoriasis and AD (11, 53, 54). Our observation
that the activation of TRPV4 in monocytes and macrophages

(left; scale bars, 50 mm). The rectangular areas (white dashed line) were magnified and shown on the right (scale bars, 10 mm). (C) TRPV4 expression

in dermal CD11b-positive macrophages in healthy and AD dermis. TRPV4-positive and TRPV4-negative populations in dermal macrophages were

quantified. *p < 0.05, Welch t test; n 5 5 donors. The number of CD11b-positive macrophages with each characteristic, arginase-1 (D) and iNOS

(E). Five independent healthy volunteers and five independent AD skin specimens were examined. *p < 0.05, **p < 0.01, ***p < 0.001, Kruskal-

Wallis test.
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suppressed the production of inflammatory cytokines, such as IL-
1b, as well as differentiation into inflammatory M1 macrophages,
led us to hypothesize that this anti-inflammatory effect may con-
tribute to the prevention of excessive inflammation. Furthermore,
TRPV4 activation suppressed IL-10 production inM-CSFmacro-
phages (Fig. 2D), which may prevent Th2-dominant responses.
From our findings, we believe that TRPV4 activators are a poten-
tial new therapeutic for AD. Further research using AD animal
models is required to explore this possibility.
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