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Barrier epithelia are sensory interfaces that translate
environmental cues into immune-instructive programs
[1, 2]. In the skin, keratinocytes couple physical or
chemical perturbations to rapid cytokine and chemokine
release, thereby modulating antigen processing, antigen-
presenting cell recruitment, and the efficacy of T cell
help [2, 3]. In our previous studies, we identified farnesyl
pyrophosphate (FPP), a mevalonate pathway metabolic
intermediate, as an endogenous alarmin that enhances
IgG antibody responses through keratinocyte-derived
IL-6 and CCL20 (https://doi.org/10.1038/5s41586-026-
10167-6). In evolution, exogenous small molecules offer
a complementary strategy in addition to endogenous
alarmins to interrogate epidermal control of immunity:
these exogenous compounds are chemically defined,

Zhenglin Ji, Ji Gao and Yue Xin these authors contributed equally to this
work.

*Correspondence:

Qianjin Lu

gianlu5860@pumcderm.cams.cn

Haijing Wu

chriswu1010@csu.edu.cn

Wanli Liu

LiuLab@tsinghua.edu.cn

! State Key Laboratory of Membrane Biology, School of Life Sciences,
Tsinghua-Peking Center for Life Sciences, Institute for Immunology,
China Ministry of Education Key Laboratory of Protein Sciences, Tsinghua
University, Beijing 100084, China

2 Department of Dermatology, the Second Xiangya Hospital of Central
South University, Hunan Key Laboratory of Medical Epigenomics,
Changsha, Hunan 410011, China

3 Institute of Dermatology, Chinese Academy of Medical Sciences

and Peking Union Medical College, Nanjing 210042, China

“The Furong Laboratory, 87 Xiangya Road, Changsha, Hunan 410008,
China

readily titratable, and can be temporally constrained to
probe causality.

Transient receptor potential vanilloid (TRPV3) is a
Ca*-permeable ion channel enriched in keratinocytes
and activated by multiple natural products, several of
which are familiar odor-associated molecules produced
in plant-derived organic compounds [4, 5]. Among these,
Carvacrol (a phenolic monoterpenoid with an oregano-
like aroma) and Camphor (a bicyclic monoterpene with
a characteristic scent) are canonical TRPV3 agonists
[6-8]. We sought to determine whether brief, localized
engagement of TRPV3 by these fragrant ligands can act
as an adjuvant-like trigger to amplify humoral immunity,
and whether the resultant epidermal cytokine program
is distinguishable from endogenous metabolite-driven
signaling.

To test adjuvant-like activity, mice were co-immunized
with a model protein antigen (OVA, 50 pg) and Car-
vacrol or Camphor over a dose range (4, 20, or 100 pg
per mouse). ELISA analyses at days 7 and 14 revealed
that both molecules increased OVA-specific IgG com-
pared with antigen alone in a dose-dependent manner
(Fig. 1a, b). Carvacrol at a dose of 100 ug used as an adju-
vant showed no adverse effects on mouse body weight
or survival (Supplementary Fig. la, b). The magnitude
of enhancement was sustained into the later sampling
point, consistent with an effect on developing humoral
responses rather than a transient assay artifact.

We next examined early local signals that could con-
nect epidermal activation to downstream antibody out-
comes. One hour after local delivery, footpad tissues
exhibited rapid induction of immune-relevant media-
tors. 1l6 and Ccl20 were upregulated, accompanied by
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Fig. 1 Fragrant TRPV3 agonists enhance humoral responses and rapidly induce cytokine transcripts in skin. a, b OVA-specific IgG at days 7

and 14 following local co-immunization with OVA (50 ug) and Carvacrol or Camphor (4-100 pg) (n=3, mean +SEM). ¢, d Expression profiles

from mice footpad tissue 1 h after Carvacrol or Camphor injection in comparison to PBS (n=3, mean + SEM). e-g Transcription levels of CCL20, IL.-6
and TNF-a in mice footpad at indicated time points after Carvacrol injection (n=3, mean + SEM). h Relative changes in [Caz*]‘v over time in A431
cells loaded with the calcium indicator Fluo-4 AM and treated with 300 pM Carvacrol or 2 mM Camphor (black bar) were monitored by flow
cytometry. Quantification of peak [Ca?*]; after Carvacrol and Camphor stimulation (n=3, mean=SD). i Transcription levels of cytokines induced
with Carvacrol or Camphor at different concentrations for 1 h in A431 cells. (n=3, mean +SD). j, k Addition of CaCl, to PBS buffer rescued [Caz*]i

in A431 cells treated with 300 uM Carvacrol or 2 mM Camphor. Quantification of peak [Caz*]i. (n=3, mean=£SD). I, m Relative changes in [Caz*]“
over time in WT and TRPV3-KO A431 cells loaded with the calcium indicator Fluo-4 AM and treated with 300 uM Carvacrol or 2 mM Camphor.
Quantification of peak [Ca”],. (n=3, mean+SD). n-p Cytokine expression measured by gPCR in A431 cells after Carvacrol (300 uM) with indicated
inhibitors (n=3, mean +SD). q, r Inhibitory effects of RR and CsA on Carvacrol and Camphor-enhanced expression of OVA-specific antibody (n=5,
mean + SEM). Statistics computed by two-way ANOVA (a, b, i, n-r), one-way ANOVA (e-g), unpaired two-tailed t-test (j-m). ns, not significant. Data
are representative of at least three independent experiments
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induction of Tuf (Fig. 1c—g). These factors are linked to
antigen-presenting cell recruitment and T cell help, con-
sistent with a model in which brief epidermal stimulation
creates a local environment permissive for efficient prim-
ing [9-15].

At the cellular level, we examined whether these results
align with TRPV3-Ca®" mechanism [7]. In A431 cells (a
human epidermoid carcinoma cell line), loaded with
Fluo-4, both Carvacrol and Camphor elicited increases in
intracellular Ca®* levels and cytokine expression (Fig. 1h,
i). Interestingly, in A431 cells, Carvacrol upregulated
the transcription of antibody promoting factors such
as IL-6 and CCL20, while it exhibited no effect on the
transcription of IL-18 (Supplementary Fig. 1c). Notably,
Ca”" entry required extracellular Ca*": Ca*'-free condi-
tions nearly abolished Carvacrol-evoked Ca?** flux and
eliminated Camphor-evoked flux, while re-addition of
CaCl,, but not MgCl,, restored Ca*" influx and rescued
cytokine transcriptional outputs (Fig. 1j-k, Supplemen-
tary Fig. 1d-f).

To test receptor dependence, we examined TRPV3-
deficient settings. TRPV3 loss markedly reduced agonist-
driven Ca*" influx (Fig. 11, m) and attenuated cytokine
induction (Supplementary Fig. 1g, h), supporting a
causal TRPV3-Ca?*-cytokine axis. We then investigated
whether this epidermal Ca®*" signaling is required for
the humoral endpoint in vivo. Co-immunization in the
presence of ruthenium red (a TRP-channel blocker) or
cyclosporin A (a calcineurin inhibitor) impaired Carvac-
rol/Camphor-mediated enhancement of OVA-specific
IgG (Fig. 1n-r), linking receptor-proximal Ca*" signaling
and downstream Ca?*-dependent pathways to antibody
amplification. In intranasal immunization, Carvacrol
exhibited adjuvant activity, whereas Camphor did not
(Supplementary Fig. 1i).

These findings highlight an activation mode that is
mechanistically separable from intracellular metabolite-
binding routes. Prior structure-guided analyses have
identified basic residues that support intracellular acti-
vation by pyrophosphate-containing metabolites; in
contrast, exogenous agonists such as Carvacrol and Cam-
phor can activate TRPV3 independently of those intra-
cellular residues, consistent with preserved Ca* influx
when TRPV3 variants defective for intracellular metab-
olite responsiveness are expressed (https://doi.org/10.
1038/541586-026-10167-6). This separation helps define
a non-overlapping ‘chemical sensory cue’ module from
an endogenous ‘metabolic alarmin’ module, and may pro-
vide a potential rationale for why fragrant agonists can
produce an early cytokine mixture that includes Tuf in
addition to 1l6 and Ccl20 [7, 8].

More broadly, the TRP landscape of keratinocytes pro-
vides context for interpreting epidermal Ca*" programs.
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For example, single-cell transcriptomic analyses of
human (GSE179633 and GSE281449) [16, 17] and mouse
skin [18] highlight TRPV3 among the highly expressed
TRP family members in keratinocytes, alongside chan-
nels such as TRPM7, and multiple TRP channels are
thermosensitive (Supplementary Fig. 2a-c). Besides the
upregulation of TRPV3 in keratinocytes from patients
with systemic lupus erythematosus (SLE) (https://doi.
org/10.1038/s41586-026-10167-6), we found that its
expression remained unchanged in atopic dermatitis
(AD) patients and was significantly downregulated in
those with psoriasis (Pso) patients, respectively (Sup-
plementary Fig. 2d). TRPV3 is warm-sensitive with acti-
vation near physiological temperature, suggesting that
temperature and chemical agonists may interact to shape
epidermal Ca*" dynamics and immune outputs. Agonist-
evoked Ca’' influx does not, however, affect TRPV3
transcription (Supplementary Fig. 2e). Building on these
points, future work can systematically compare different
TRP agonists and define how distinct epidermal cytokine
compositions tune the magnitude and quality of germinal
center and T follicular helper responses (Supplementary
Fig. 2f).

At the barriers, skin infection activates the mevalonate
(MVA) pathway in keratinocytes via the unfolded protein
response (UPR) (https://doi.org/10.1038/s41586-026-
10167-6). Notably, this infection-induced UPR response
is distinctly different from those elicited by thapsigargin
(TG), tunicamycin (TU), or ultraviolet (UV) treatment
(Supplementary Fig. 3a). Furthermore, the activation of
the UPR-MVA axis induced by infection is independent
of TRPV3 (Supplementary Fig. 3b), and TG treatment
can effectively activate the MVA pathway in HEK293
cells or human embryonic stem cells (hESCs) that
either weakly express or lack TRPV3 expression (Sup-
plementary Fig. 3c). Beyond the UPR, skin infection
also elicits prominent apoptotic, reactive oxygen species
(ROS)-mediated, and endoplasmic reticulum (ER) stress
responses, reflecting the complexity of cellular stress cas-
cades triggered by pathogenic invasion (Supplementary
Fig. 3d-f). Thus, MVA activation in infection is UPR-
dependent and TRPV3-independent, allowing orthogo-
nal interrogation of epidermal immunity.

In parallel to these intracellular pathway activations,
the functional consequences of skin infection on barrier
immune responses were further characterized. Specifi-
cally, activation of the FPP-TRPV3 axis enhances anti-
body responses and recruits dendritic cells (DCs) to the
infection site, while not affecting the activation status
of skin-resident immune cells (https://doi.org/10.1038/
s41586-026-10167-6). Notably, a significant reduction in
total T cell numbers was observed at the infection site,
whereas the proportions of CD8" T cells, Thl cells, Th2
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cells, and y§ Th17 cells remained unchanged (Supple-
mentary Fig. 4a-e). This immune phenotypic feature was
also validated in Enterococcus faecalis infections (Supple-
mentary Fig. 4f-i), indicating its conservation across dis-
tinct bacterial pathogens. Furthermore, the chemokine
CXCL12—critical for plasma cell recruitment—was
downregulated in infected skin (Supplementary Fig. 4;j),
suggesting that plasma cells do not accumulate at the
infection site at this time point.

Together, our data establish that two odor-associated
TRPV3 agonists—Carvacrol and Camphor—function as
tractable, titratable chemical adjuvants when delivered
locally with protein antigen. Their effect is character-
ized by an IgG humoral amplification, a rapid 1/6/Ccl20/
Tnf epidermal transcriptional program, and a require-
ment for extracellular Ca**-dependent TRPV3 signaling
and downstream calcineurin-sensitive pathways. These
findings suggest that sensory-relevant chemicals can be
leveraged to dissect and potentially engineer epidermis-
centered immune potentiation modules that are experi-
mentally separable from endogenous metabolite-driven
alarmin routes.
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