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Abstract: The transient receptor potential vanilloid 1 (TRPV1) is a non-selective cation channel
expressed on sensory neurons and immune cells. We hypothesize that TRPV1 plays a role in
human eosinophil function and is modulated by inflammatory conditions. TRPV1 expression on
human eosinophils was examined by qPCR, flow cytometry, and immunohistochemistry, respectively.
TRPV1 functionality was analyzed by investigating calcium flux, apoptosis, modulation by cytokines
and acidic pH, and CD69 externalization using flow cytometry. Activation of TRPV1 induced
calcium influx and prolonged survival. Although eosinophils were not directly activated by TRPV1
agonists, activation by IL-3 or GM-CSF was mainly restricted to TRPV1-positive eosinophils. TRPV1
surface content was increased by acidic pH, IL-3, IL-31, IL-33, TSLP, TNF-α, BDNF, and NGF-β.
Interestingly, TRPV1 was also expressed by eosinophils located in proximity to peripheral nerves in
atopic dermatitis (AD) skin. In conclusion, eosinophils express functional TRPV1 channels which
are increased by extracellular acidification and AD-related cytokines. Since eosinophils also express
TRPV1 in AD skin, our results indicate an important role of TRPV1 for neuroimmune interaction
mechanisms in itchy, inflammatory skin diseases, like AD.

Keywords: TRPV1; eosinophils; atopic dermatitis; itch

1. Introduction

Atopic dermatitis (AD) is an inflammatory skin disease which can impair patients’
quality of life at all ages through symptoms such as intense pruritus and chronic eczema.
The exact mechanisms of this disorder are still unknown. However, the acute and suba-
cute phases of AD are driven by Th2 cytokines such as interleukin (IL)-13, IL-31, IL-33,
and the pro-Th2 cytokine thymic stromal lymphopoietin (TSLP) [1]. The chronic phase is
additionally associated with increased serum levels of the Th1 cytokine TNF-α [1]. Leuko-
cytes like eosinophil granulocytes are known to play an essential role in AD [2]. Human
eosinophils derive from the myeloid blood cell lineages and constitute about 1–5% of all
circulating leukocytes [3]. The first function of eosinophils to be discovered was their role
in host defense against helminths and extracellular bacteria [4]. To combat those infec-
tions, eosinophils release reactive oxygen species (ROS) and toxic granule proteins such
as major basic protein (MBP), eosinophil-derived neurotoxin (EDN), eosinophil cationic
protein (ECP), and eosinophil peroxidase [5]. Eosinophils express a variety of cytokine
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receptors, such as IL-3Rα, GMCSF-Rα, IL31RA/OSMR, IL-33R, TSLPR, TNF-R1 and -R2,
TrkA, and TrkB, chemokine receptors such as CCR3, and adhesion molecules on their
cell surface [3,6–10]. IL-3Rα and GMCSF-Rα are the receptors for the cytokines IL-3 and
granulocyte-macrophage colony-stimulating factor (GM-CSF), which are known to activate
eosinophils. This activation is accompanied by the release of granule proteins, such as
EDN, which inhibit eosinophil apoptosis [11]. Activation of eosinophils is known to lead to
shedding and de novo externalization of the surface protein CD69 [3]. The neurotrophin
receptors TrkA (NGF receptor) and TrkB (BDNF receptor) are known to be upregulated in
eosinophils of AD patients in comparison to eosinophils of healthy controls [12]. Serum lev-
els of BDNF correlate with disease severity in AD, and it has been reported that eosinophils
of AD patients release BDNF in close vicinity to peripheral nerves, which causes outgrowth
and branching of nerve fibers [2]. NGF, which is significantly increased in AD [13,14], has
been found to be located in the central core of stable granules in eosinophils. The alarmin
IL-33, which is the agonist of IL-33R, was also observed to be increased in serum of AD pa-
tients. Furthermore, it correlates with disease severity and has been suggested to promote
inflammation by being released from damaged skin [15]. TSLP signals through the TSLP
receptor complex, composed of TSLPR and IL-7Rα, and is suggested to be an important
factor in AD, since serum levels in adults and children are significantly increased [16].
Moreover, polymorphisms of the TSLP gene have been reported to be associated with
a higher risk of developing AD [17]. IL-31 is an itch-mediating cytokine which is also
released by eosinophils in AD [18]. Since its receptor IL-31RA/OSMR is co-expressed with
the TRPV1 ion channel on dorsal root ganglia [19], and Th1 and Th2 cytokines increase
TRPV1 expression in human basophils [20] and neurons [1], it is a new candidate for play-
ing an important role in itch. TRPV1 is a non-selective homotetrameric cation channel of the
TRP superfamily. Every subunit consists of six transmembrane segments which are joined
by intracellular and extracellular loops. The loops connecting the fifth and sixth segment,
with a short pore helix in between, form the ion conduction pathway [21,22]. TRPV1 can
be activated by noxious stimuli like vanilloids (capsaicin), high temperature, extracellular
acidification [21,23,24], chemokines [25], or inflammatory molecules such as histamine [26],
adenosine triphosphate (ATP) [27], Bradykinin [28], Prostaglandin [29], and nerve growth
factors like NGF [30]. The activation of TRPV1 leads to depolarization and calcium influx
which then regulates cell functions like nociception, production and release of cytokines,
phagocytosis, and cell migration [20,31–33]. This, in turn, influences inflammation, pain,
and pruritus [26,34,35]. TRPV1 is known to be expressed on sensory neurons [21]. However,
TRPV1 has also been identified in different non-neuronal cells like keratinocytes, epithe-
lial cells [36–39], and immune cells such as human mast cells [40], dendritic cells [41], T
cells [42], basophils [20], neutrophils [43,44], monocytes, and macrophages [45]. Although
the expression of TRPV1 on eosinophils was demonstrated by Zhu et al. [46], the functional
role of the channel in eosinophils is not known.

The aim of this study was to investigate the expression, modulation, and functionality
of TRPV1 on human eosinophils to gain new insights into its possible contribution to itchy
skin diseases such as AD.

2. Results
2.1. TRPV1 Is Expressed on RNA and Protein Levels in Human Eosinophils

TRPV1 mRNA expression in human peripheral blood eosinophils and PBMCs (positive
control) was examined through qPCR. Our data show that TRPV1 mRNA expression
in eosinophils is higher than in PBMCs in all donors (Figure 1A). To further confirm
the expression on the protein level, TRPV1 surface expression of highly purified human
eosinophils (CD15+, CD193+, and CD16- cells) was analyzed through flow cytometry
(Figures 1B and S1). The specificity of the TRPV1-PE antibody was confirmed through use
of an isotype control (Figure 1C). The results revealed that 59% of eosinophils expressed
TRPV1 at the cell surface, with a mean fluorescence intensity of about 40,000. The surface
expression on eosinophils is lower than on PBMCs (Figure 1D). Further, we compared



Int. J. Mol. Sci. 2024, 25, 1922 3 of 15

TRPV1 surface expression on peripheral blood eosinophils from healthy controls and AD
patients and could not find significant differences (p = 0.1289) (Figure 1E). Moreover, we
observed that the TRPV1 channel (anti-VR1, green) is found on a subset of purified human
peripheral blood eosinophils (anti-EPX, red) (Figure 1F).
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Figure 1. TRPV1 mRNA and protein expression on human peripheral blood eosinophils. (A) Total
RNA was purified from human peripheral blood eosinophils and PBMCs from healthy individuals
and reverse transcribed. TRPV1 mRNA expression levels were determined through quantitative
real-time PCR. Measurements were performed in duplicate. Data were normalized to the expression
levels of the housekeeping gene GAPDH (eosinophils n = 3; PBMCs n = 3; ±SEM). (B) For the protein
expression analysis, eosinophil purity was determined by the percentage of CD193+ and CD15+
cells of CD16- cells (one representative scatter dot plot of three is shown). Eosinophils from healthy
subjects were stained with the TRPV1-PE antibody. The gate for TRPV1+ cells was set according to
the FMO control (not shown). (C) The isotype control confirmed that the TRPV1-PE antibody does
not bind unspecifically to eosinophils (one representative histogram of three). (D) Percentage and
mean fluorescence intensity (MFI) of TRPV1+ eosinophils and PBMCs from healthy subjects assessed
by flow cytometry (Eos n = 6 and PBMCs n = 3; ±SEM). (E) Percentage of TRPV1+ eosinophils from
peripheral blood of healthy controls (Co) and AD patients (healthy controls n = 6; AD n = 5; ±SEM).
(F) Microscopic section of TRPV1+ human peripheral blood eosinophils from healthy individuals
(n = 3). Eosinophils are shown at 40×magnification (see scale bar at the bottom right). Nuclei were
stained with DAPI (blue), the eosinophil marker eosinophil peroxidase (EPX) with anti-EPX (red), and
the TRPV1 channel with anti-TRPV1 (green). The right panels display an overlay of all fluorescence
channels. Colocalizations appear yellow.
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2.2. Activation of TRPV1 Induces Calcium Influx

Since TRPV1 activation contributes to calcium flux in human basophils [20], we
analyzed the functionality of TRPV1 on eosinophils by measuring transient changes of in-
tracellular calcium levels after channel activation via different concentrations of the specific
agonist capsaicin (Figure 2A,B). We used the calcium ionophore ionomycin as a positive
control which induces maximum calcium transients (Figure 2A,B). Eosinophils were labeled
with Fluo-4, which intensifies the fluorescence of cells by binding to intracellular calcium
ions. After measurement through flow cytometry, the median of fluorescence intensity was
calculated before (at baseline before stimulation) and at the peak of fluorescence intensity
after application of capsaicin. Our data show that capsaicin induced a significant calcium
influx (Figure 2A,B) at 1 µM (p = 0.0104), 10 µM (p = 0.0124), and 100 µM (p = 0.0315) but
not at 0.1 µM of capsaicin (Figure 2B). These responses were delayed by some seconds as
compared to application of ionomycin, which induced an instantaneous calcium influx
(p = 0.0148). Furthermore, we observed that eosinophil priming with IL-3 also led to cal-
cium influx with 100 µM capsaicin (p = 0.0012), which even exceeded the capsaicin response
in untreated eosinophils (p = 0.0080) (Figure 2C).

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 4 of 16 
 

 

(F) Microscopic section of TRPV1+ human peripheral blood eosinophils from healthy individuals (n 

= 3). Eosinophils are shown at 40× magnification (see scale bar at the bottom right). Nuclei were 

stained with DAPI (blue), the eosinophil marker eosinophil peroxidase (EPX) with anti-EPX (red), 

and the TRPV1 channel with anti-TRPV1 (green). The right panels display an overlay of all fluores-

cence channels. Colocalizations appear yellow. 

2.2. Activation of TRPV1 Induces Calcium Influx 

Since TRPV1 activation contributes to calcium flux in human basophils [20], we ana-

lyzed the functionality of TRPV1 on eosinophils by measuring transient changes of intra-

cellular calcium levels after channel activation via different concentrations of the specific 

agonist capsaicin (Figure 2A,B). We used the calcium ionophore ionomycin as a positive 

control which induces maximum calcium transients (Figure 2A,B). Eosinophils were la-

beled with Fluo-4, which intensifies the fluorescence of cells by binding to intracellular 

calcium ions. After measurement through flow cytometry, the median of fluorescence in-

tensity was calculated before (at baseline before stimulation) and at the peak of fluores-

cence intensity after application of capsaicin. Our data show that capsaicin induced a sig-

nificant calcium influx (Figure 2A,B) at 1 µM (p = 0.0104), 10 µM (p = 0.0124), and 100 µM 

(p = 0.0315) but not at 0.1 µM of capsaicin (Figure 2B). These responses were delayed by 

some seconds as compared to application of ionomycin, which induced an instantaneous 

calcium influx (p = 0.0148). Furthermore, we observed that eosinophil priming with IL-3 

also led to calcium influx with 100 µM capsaicin (p = 0.0012), which even exceeded the 

capsaicin response in untreated eosinophils (p = 0.0080) (Figure 2C). 

 

Figure 2. Calcium flux after activation of TRPV1 in eosinophils. (A) Purified eosinophils from 

healthy subjects were labeled with Fluo-4 FITC-A. Capsaicin, ionomycin, or RPMI medium were 

applied 60 s after starting the measurement (arrow). The median of fluorescence intensity at two 

time points (at 40 s before application and peak of fluorescence intensity after application) was used 

for calculating the changes in intracellular calcium levels. A representative graph of the average 

changes in intracellular calcium over time is shown for ionomycin, 100 µM capsaicin, and the neg-

ative control. (B) Relative cytosolic calcium concentration peak in eosinophils after the application 

of RPMI medium (neg. control; Co), ionomycin (Iono), and capsaicin (0.1, 1, 10, 100 µM) (n = 4). (C) 

Relative cytosolic calcium concentration peak in eosinophils after the application of RPMI medium 

(neg. control; Co) or 100 µM capsaicin with (n = 4) and without (n = 4) eosinophils primed with IL-

3 (10 ng/mL) for 20 min at 37 °C and 5% CO2 (* = p < 0.05; ** = p < 0.01; ±SEM). 

2.3. TRPV1 Activation Has an Antiapoptotic Effect on Human Eosinophils 

Previous studies demonstrated that TRPV1 can exhibit both pro- and antiapoptotic 

effects [20,47,48]. Therefore, we investigated the impact of TRPV1 on human eosinophil 

survival and death by performing an annexin V and propidium iodide staining after 4 h 

and 24 h of stimulation with different capsaicin doses, IL-3 as an antiapoptotic, and stau-

rosporine as the proapoptotic control. Interestingly, we observed that TRPV1 has an 

antiapoptotic effect after 24 h, as more viable eosinophils were present after activation 

with 100 µM capsaicin than in the RPMI medium negative control (p = 0.0452) (Figure 

Figure 2. Calcium flux after activation of TRPV1 in eosinophils. (A) Purified eosinophils from
healthy subjects were labeled with Fluo-4 FITC-A. Capsaicin, ionomycin, or RPMI medium were
applied 60 s after starting the measurement (arrow). The median of fluorescence intensity at two time
points (at 40 s before application and peak of fluorescence intensity after application) was used for
calculating the changes in intracellular calcium levels. A representative graph of the average changes
in intracellular calcium over time is shown for ionomycin, 100 µM capsaicin, and the negative control.
(B) Relative cytosolic calcium concentration peak in eosinophils after the application of RPMI medium
(neg. control; Co), ionomycin (Iono), and capsaicin (0.1, 1, 10, 100 µM) (n = 4). (C) Relative cytosolic
calcium concentration peak in eosinophils after the application of RPMI medium (neg. control; Co)
or 100 µM capsaicin with (n = 4) and without (n = 4) eosinophils primed with IL-3 (10 ng/mL) for
20 min at 37 ◦C and 5% CO2 (* = p < 0.05; ** = p < 0.01; ±SEM).

2.3. TRPV1 Activation Has an Antiapoptotic Effect on Human Eosinophils

Previous studies demonstrated that TRPV1 can exhibit both pro- and antiapoptotic
effects [20,47,48]. Therefore, we investigated the impact of TRPV1 on human eosinophil
survival and death by performing an annexin V and propidium iodide staining after
4 h and 24 h of stimulation with different capsaicin doses, IL-3 as an antiapoptotic, and
staurosporine as the proapoptotic control. Interestingly, we observed that TRPV1 has an
antiapoptotic effect after 24 h, as more viable eosinophils were present after activation with
100 µM capsaicin than in the RPMI medium negative control (p = 0.0452) (Figure 3A,B).
The IL-3 (p = 0.0113) and staurosporine (p = 0.0283) controls worked as expected, with
significantly higher or lower numbers of viable eosinophils being present than in the
negative control (Figure 3A,B). We did not observe a significant change in eosinophil
viability after stimulation with capsaicin and IL-3 after 4 h (Figure S2).
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Figure 3. Detection of apoptosis after TRPV1 activation. (A) Percentage of viable eosinophils
from healthy subjects after incubation with capsaicin (0.1, 1, 10, 100 µM), IL-3 (10 ng/mL) as an
antiapoptotic, staurosporine (1 µM) as a proapoptotic, or RPMI medium as the negative control (Co)
for 24 h at 37 ◦C and 5% CO2. Eosinophils were stained with Annexin V and propidium iodide, and
fluorescence was measured by flow cytometry (n = 5; * = p < 0.05; ±SEM). (B) Representative dot
plots of the negative control, anti- and proapoptotic control, and 100 µM capsaicin. Viable eosinophils
are shown in the lower left, apoptotic eosinophils in the lower right, late apoptotic eosinophils in the
upper right, and necrotic eosinophils in the upper left quadrant.

2.4. Eosinophil Surface Expression of TRPV1 Is Linked to Activation Status

Subsequently, we assessed the activation status of human eosinophils by analyzing
CD69 surface externalization through flow cytometry. The activation of TRPV1 by capsaicin
had no impact on CD69 surface content, while the IL-3 and GM-CSF positive controls
induced significantly higher CD69 externalization (Figure 4A,B). Interestingly, TRPV1+
eosinophils exhibited higher CD69 amounts on the surface (Figure 4C,D) than TRPV1-
eosinophils after stimulation with IL-3 (p < 0.001) and GM-CSF (p < 0.001). Moreover,
we observed that only TRPV1+ eosinophils exhibited significantly higher CD69 surface
content after stimulation with IL-3 (p < 0.001) and GM-CSF (p < 0.001) compared to the
negative control. In contrast, even after IL-3 or GM-CSF treatment, the level of CD69
surface expression in TRPV1- eosinophils did not exceed the baseline expression in TRPV1+
eosinophils. Furthermore, we found a correlation between the percentage of TRPV1+ and
CD69+ unstimulated eosinophils (r = 0.0791; p = 0.0268) (Figure 4E).

2.5. TRPV1 Surface Expression Is Modulated by AD-Related Cytokines and pH

Since TRPV1 has been found to be sensitized by different mediators [20,48–51], we
wanted to investigate if cytokines and neurotrophins associated with AD and inflamma-
tion can modulate TRPV1 surface expression on human eosinophils. Additionally, we
investigated TRPV1 modulation through extracellular acidification and capsaicin. Re-
markably, our data clearly demonstrated that IL-3 (p = 0.0007), IL-31 (p = 0.0022), IL-33
(p < 0.001), TSLP (p = 0.0105), TNF-α (p < 0.001), NGF-β (p = 0.0014), and BDNF (p = 0.0111)
induced a higher expression of TRPV1 on the surface than in the unstimulated eosinophils
(Figure 5A). There was no significant change in expression levels after stimulation with
IL-13 (Figure S3A). TRPV1 surface expression was not only upregulated by cytokines but
also by extracellular acidification. A pH of 5.0 increased TRPV1 surface content significantly
after 4h of incubation at 37 ◦C (p = 0.0456) (Figure 5B) and 40 ◦C (p = 0.0044) (Figure 5C).
Even if not significant, the effect of pH 5.0 seems to be even higher at 40 ◦C than at 37 ◦C
(Figure 5B,C). However, activation of TRPV1 through different doses of capsaicin did not
change the TRPV1 surface content of human eosinophils (Figure S3B).
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Figure 4. Externalization of the activation marker CD69 after TRPV1 activation. (A) Percentage
of CD69+ eosinophils after stimulation with the TRPV1 agonist capsaicin (0.1, 1, 10, 100 µM), IL-3
(10 ng/mL), GM-CSF (10 ng/mL) as positive controls, and RPMI medium as the negative control
(Co) for 24 h at 37 ◦C and 5% CO2 (n = 3; * = p < 0.05, *** = p < 0.001; ±SEM). TRPV1 expression was
assessed through flow cytometry. (B) Representative histogram of CD69 externalization on human
peripheral blood eosinophils from healthy individuals after stimulation with IL-3, GM-CSF, capsaicin
(Caps; 100µM), and RPMI medium as a negative control (Co). (C) Percentage of CD69+ TRPV1+
and CD69+ TRPV1- eosinophils after stimulation (n = 3; *** = p < 0.001; ±SEM). (D) Representative
histograms of CD69 expression on TRPV1+ (bright) and TRPV1- (dark) eosinophils after stimulation.
Purified eosinophils were stained with CD69-APC and TRPV1-PE antibodies. (E) Correlation of
relative TRPV1 and CD69 surface expression on unstimulated eosinophils from healthy individuals
(n = 10; * = p < 0.05).
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tion. (A) Percentage of TRPV1+ eosinophils from healthy individuals assessed through flow cytometry
after stimulation with IL-3 (10 ng/mL), IL-31 (10 ng/mL), IL-33 (10 ng/mL), TSLP (10 ng/mL), TNF-α
(10 ng/mL), NGF-β (10 ng/mL), BDNF (50 ng/mL), or RPMI medium (negative control; Co) for
4 h at 37 ◦C and 5% CO2 (n = 5; * = p < 0.05, ** = p < 0.01, *** = p < 0.001; ±SEM). (B) Percentage
of TRPV1+ eosinophils after incubation for 4 h at 37 ◦C and pH 5.0, 5.5, 6.0, or 7.0 (Co) (n = 3).
(C) Percentage of TRPV1+ eosinophils after incubation for 4 h at 40 ◦C and pH 5.0, 5.5, 6.0, or 7.0 (Co)
(n = 3; * = p < 0.05, ** = p < 0.01; ±SEM).
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2.6. TRPV1 Expression on Eosinophils in AD Skin

Since we showed that AD-related cytokines upregulate TRPV1 surface expression on
human peripheral blood eosinophils, we investigated TRPV1 expression in symptomatic
skin of atopic dermatitis patients (n = 3) by staining skin sections. Interestingly, virtually
all eosinophils in AD skin expressed TRPV1 and were additionally found to be located in
close proximity to peripheral nerves (Figure 6). In contrast, we did not find any eosinophils
in skin samples of healthy individuals, as expected (Figure S4).
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Figure 6. Human eosinophils express TRPV1 in AD skin. Skin sections obtained from AD patients
were fixed with methanol and stained with anti-TRPV1 (green), anti-EPX (red) as the eosinophil
marker, and anti-PGP9.5 (orange) as the neuronal marker. Cell nuclei were labeled with DAPI (blue).
Arrows point to TRPV1+ eosinophils and stars label nerve fibers. TRPV1 expression was analyzed at
40×magnification through fluorescence microscopy. Representative staining out of n = 3 AD patients.

3. Discussion

Our study extends the knowledge on TRPV1 on human peripheral blood eosinophils
by verifying the functional role of its expression. TRPV1 expression in eosinophils was
increased by inflammatory mediators such as IL-3, IL-31, IL-33, BDNF, NGF-β, TNF-α,
and TSLP. Even though eosinophils were not directly activated by TRPV1 agonists, their
activation by IL-3 or GM-CSF was mainly restricted to TRPV1+ eosinophils, suggesting
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that TRPV1 expression is linked to their priming. We hypothesize that such priming may
not only contribute to inflammation but, in combination with the close spatial proximity to
skin nerves, also to itch.

In accordance with Zhu et al., where protein expression of TRPV1 was detected
through Western blot analysis, we confirmed these findings by flow cytometry. Flow
cytometry allows for accurate quantification of TRPV1+ cells and precisely detects the
density of TRPV1 on cells through calculation of the MFI. It also allows for multiparameter
analysis and the identification of subpopulations. In this regard, we could further show that
TRPV1+ eosinophils express the activation marker CD69 in higher amounts than TRPV1-
eosinophils and that TRPV1 surface expression even correlates with CD69 externalization.
Moreover, activation by IL-3 and GM-CSF was virtually restricted to TRPV1+ eosinophils.
TRPV1 might indirectly play a role in cell activation by involving other receptors. This
has also been shown in CD4+ T cells where stimulation of CD3 and CD28 did not lead to
cell activation when TRPV1 was inhibited [42]. Although TRPV1 does not directly activate
eosinophils, it appears to facilitate activation and upregulation of TRPV1 expression by
cell-activating cytokines. We found that IL-3 may further enhance these responses, as the
cytokine was observed to increase TRPV1 surface expression and intensify calcium influx
upon channel activation. In basophils, IL-3 increases the content of TRPV1 on the surface
by altering channel distribution [20].

Functionally, we were able to show that activation of TRPV1 channels induces calcium
influx in human peripheral blood eosinophils and prolongs their survival. Activation of
TRPV1 through 100 µM of capsaicin induced a significant change in intracellular calcium
levels. These results differ from the findings of Zhu et al. [46], where calcium influx was
not detected in eosinophils. However, Zhu et al. conducted the calcium flux experiments in
a cuvette with 106 Fura-2-labeled eosinophils after stimulation with 100 µM capsaicin [46],
whereas we performed the calcium influx experiments with varying doses of capsaicin
using flow cytometry. Thus, the diverging results might be due to the different methods, as
the results of single cell measurement are being compared to data acquired from an entire
cell suspension. Thus far, rises of intracellular calcium in immune cells through TRPV1
activation have been described for basophils [20], macrophages, dendritic cells, and T cells
but not for neutrophils [41,42,52]. Moreover, we were able to demonstrate that activation of
TRPV1 with 100 µM of capsaicin has an antiapoptotic effect after 24 h of stimulation. Previ-
ously, proapoptotic effects on both basophils [20] and TRPV1-transfected HeLa cells [47]
and antiapoptotic, proliferative effects in epithelial cells have been described [48]. Yang
et al. reported that activation of TRPV1 by capsaicin leads to transactivation of EGFR
and subsequent MAP kinase pathway-induced proliferation [48]. A similar mechanism in
eosinophils is conceivable, even if the downstream signals have not yet been analyzed.

We also demonstrated that cytokines, which play an important role in skin inflam-
mation, and an acidic pH can upregulate TRPV1 at the plasma membrane of eosinophils.
Surface expression significantly increased after stimulation with IL-3, IL-31, IL-33, BDNF,
NGF-β, TNF-α, and TSLP. IL-31 is already known to upregulate TRPV1 expression in
DRG [49], and serum levels correlate with disease severity in AD [53,54]. IL-33 was found
to be overexpressed in keratinocytes of AD patients [55] and increases the TRPV1 surface
content on basophils [20]. IL-33 potentiates TRPV1 on neurons indirectly by inducing the
release of IL-31 from Th2 lymphocytes, mast cells, and eosinophils [1]. IL-13 increases
TRPV1 in bronchial epithelia and lungs in mice [50], but we could not observe upregu-
lation on eosinophils after IL-13 stimulation (Figure S1A). The pro-Th2 cytokine TSLP is
known to promote the production of Th2 cells, which then release even greater amounts of
IL-13 [56]. However, according to our data, TRPV1 upregulation through TSLP probably
occurs directly, since TSLP but not IL-13 potentiates TRPV1 expression in eosinophils. The
Th1 cytokine TNF-α which, in turn, triggers secretion of TSLP in human keratinocytes [57]
also potentiates TRPV1 expression in eosinophils. The upregulation of TRPV1 through
TNF-α has previously been described for basophils [20] and rat DRG [51]. This upregula-
tion further facilitates the simultaneous insertion of TRPV1 and TRPA1 into the plasma
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membrane of rat neurons [58]. Furthermore, we discovered that TRPV1 is also potentiated
by the neurotrophins BDNF and NGF-β. In HEK293 cells, increased membrane insertion of
TRPV1 after NGF stimulation occurs due to TrkA, PI3 kinase, and Src kinase activation [30].
Recently, we also observed an upregulation of TRPV1 surface content through NGF-β
on basophils [20]. The impact of BDNF on TRPV1 expression has been investigated on
tracheal-specific TrkB+ neurons in a mouse model [59]. Transient exposure of the trachea to
BDNF caused a significant increase in TRPV1 mRNA expression in these neurons for up
to one week. Continuous administration of BDNF further resulted in a stronger calcium
influx in response to the TRPV1-specific agonist capsaicin than in neurons of control mice,
suggesting an upregulated protein expression of TRPV1 through BDNF [59]. Correlation
of serum levels with disease severity in AD has been reported for both the neurotrophins,
BDNF and NGF [2,60,61]. BDNF is released by eosinophils in close vicinity to peripheral
nerves, which then causes an outgrowth of nerve fibers [2]. However, not only cytokines
but also a low pH of 5.0 can upregulate TRPV1 on the cell surface of eosinophils, which
seems to be further enhanced by higher temperatures. It has already been reported that
extracellular acidification activates and upregulates TRPV1 in human esophageal epithelial
cells and rat DRG neurons [62,63]. We recently showed that extracellular acidification also
potentiates TRPV1 surface content in basophils [20]. Since we know that inflammation
induces an acidic environment through production of lactate [64], upregulation of TRPV1
on eosinophils in local skin inflammation is conceivable. These data show that TRPV1
can be modulated by a variety of factors. It has also been reported that UV-C irradiation
can alter TRPV1 expression on the RNA level by downregulating the channel in human
skin [65].

We further performed immunofluorescence staining showing that TRPV1 is expressed
on eosinophils in the skin of AD patients located in close proximity to sensory nerve
fibers. Since we did not find any differences in TRPV1 surface expression of peripheral
blood eosinophils from healthy subjects and AD patients and because eosinophils are only
present in lesional AD skin, we hypothesize that TRPV1 might be upregulated through
inflammatory mediators locally released by nerves and other immune cells. We previously
demonstrated that eosinophils interact with neurons by inducing an outgrowth and branch-
ing of nerve fibers via BDNF [2]. In this regard, further investigations of cytokine release
and eosinophil chemotaxis after TRPV1 activation might bring new insights into the role of
TRPV1 in causing itch or even pain, as an association between TRPV1 and pain has been
shown, for instance, in endometriosis [66].

In summary, human peripheral blood eosinophils express functional TRPV1 channels,
leading to calcium influx and prolonged survival after channel activation. Furthermore,
activation by IL-3 and GM-CSF was grossly restricted to TRPV1 positive eosinophils and
extracellular acidification. Further, cytokines such as IL-3, IL-31, IL-33, TSLP, TNF-α, NGF-
β, and BDNF increased eosinophil TRPV1 expression. We confirmed that TRPV1 expression
occurs in eosinophils in close proximity to peripheral nerves in the skin of AD patients.
Future investigations will focus on the possible synergy of TRPV1 with IL-31RA/OSMR,
the colocalized expression of which have been described on peripheral nerves. This will
help to gain better insights into a possible positive feedback loop mechanism between
eosinophils and sensory nerves for pruritus and skin inflammation.

4. Materials and Methods
4.1. Patient Materials

All samples were collected after informed consent was obtained. Peripheral venous
blood was collected from healthy controls with no personal history of allergies or other
atopic diseases and from AD patients without immunosuppressive treatment. Skin samples
were collected from healthy individuals and from AD patients in chronic stages of the
disease without immunosuppressive treatment within the last 2 weeks. Patient materials
were collected at the Department of Dermatology and Allergy of Human Medicine Clinic
Oldenburg (approved by the local medical ethics committee, University of Oldenburg, ref.#
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2017-106, ref.# 2017-109, ref.# 2021-025, and ref.# 2021-078). Peripheral blood mononuclear
cells (PBMCs) from healthy blood donors (DRK Blutspendedienst, Springe, Germany;
Department of Dermatology and Allergy of Human Medicine Clinic Oldenburg) were
isolated by density gradient centrifugation and used as a control for TRPV1 mRNA and
protein expression analysis.

4.2. Isolation of Human Peripheral Blood Eosinophils

Eosinophils were purified from EDTA blood by immunomagnetic negative selection
(EasySep™ Direct Human Eosinophil Isolation Kit, Stem Cell Technologies, Grenoble,
France) using half the amounts of RapidSpheres and Isolation Cocktail recommended in
the manufacturer’s protocol. The viability was determined by flow cytometry analysis using
7-AAD (Miltenyi Biotec, Bergisch Gladbach, Germany) and was found to be ≥99%. Human
eosinophils were identified using CD15-PB, CD16-APC-A750 (Beckman Coulter, Brea, CA,
USA), and CD193-FITC (Miltenyi Biotec, Bergisch Gladbach, Germany) antibodies. Isolated
eosinophils had a median purity of 95.8%. For cytospins, cells were washed with PBS
(Carl Roth, Karlsruhe, Germany) and centrifuged onto object slides using the Cytospin 4
Centrifuge (Thermo Scientific, Darmstadt, Germany).

4.3. Flow Cytometry Analysis of TRPV1 and CD69 Externalization

To assess CD69 externalization after TRPV1 activation, purified eosinophils were
stimulated with 0.1, 1, 10, or 100 µM capsaicin (Merck, Darmstadt, Germany), with IL-
3 (10 ng/mL) (PeproTech, Cranbury, NJ, USA) and GM-CSF (10 ng/mL) (BioLegend,
Amsterdam, the Netherlands) as positive controls, for 24 h at 37 ◦C and 5% CO2 in RPMI
medium (containing 10% FCS and 1% PenStrep) (VWR International, Leuven, Belgium). To
analyze CD69 and TRPV1 expression, eosinophils were stained with CD69-APC (Miltenyi
Biotec, Bergisch Gladbach, Germany) and TRPV1-PE (Biozol, Eching, Germany) antibodies.
FMO controls were stained without the CD69-APC or TRPV1-PE antibody, respectively.
To exclude unspecific binding, cells were also stained with a PE-Rabbit Isotype Control
(ab37407, Abcam, Cambridge, UK) or REA APC isotype control (Miltenyi Biotec, Bergisch
Gladbach, Germany). Measurement was performed after 10 min of incubation in the dark
on the CytoFlexS platform (Beckman Coulter, Brea, CA, USA). CD193-FITC, CD69-APC,
CD15-PB, and CD16-APC-A750 were compensated using the MACS Comp Bead Kit anti-
REA (Miltenyi Biotec, Bergisch Gladbach, Germany) for the REA antibodies and the MACS
Comp Bead Kit anti-mouse Igκ (Miltenyi Biotec, Bergisch Gladbach, Germany) for the
remaining antibodies, according to the manufacturer’s protocol.

4.4. RNA Isolation and qPCR

Total RNA was isolated from highly purified human eosinophil granulocytes (106 cells)
and PBMCs using the High Pure RNA Isolation Kit (Roche, Mannheim, Germany), accord-
ing to the manufacturer’s protocol. RNA integrity was further assessed through analysis
using the Tape Station (Tape Station 4150, Agilent Technologies, Waldbronn, Germany).
The Transcriptor First Strand cDNA Synthesis Kit (Roche, Mannheim, Germany) was
used for cDNA synthesis. TRPV1 mRNA expression in eosinophils and PBMCs was de-
termined through qPCR using the FastStart Essential SYBR Green Master Mix (Roche,
Mannheim, Germany). The housekeeping gene GAPDH was used as a reference gene for
relative quantification. Primers for human TRPV1 (NM_080704.3) (ThermoFisher Scientific,
Waltham, MA, USA) were as follows: forward, 5′-AGAGTCACGCTGGCAACC-3′; reverse,
5′-GGCAGAGACTCTCCATCACAC-3′. Primers for human GAPDH (NM_002046.5) (Ther-
moFisher Scientific, Waltham, MA, USA) were as follows: forward, 5’-AGCCACATCGCTC
AGACAC-3′; reverse, 5′-GCCCAATACGACCAAATCC-3′. Gene-specific PCR products
were measured with the LightCycler 96 (Roche, Mannheim, Germany) for 45 cycles us-
ing the following parameters: pre-incubation, 600 s at 95 ◦C; denaturation, 10 s at 95 ◦C;
annealing, 10 s at 60 ◦C; and elongation, 10 s at 72 ◦C. Melting curve analysis was per-
formed to exclude nonspecific amplification. The quantification cycle (Cq) values of TRPV1
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and GAPDH were used for calculating the relative quantity (RQ) via the ∆Cq method
[RQ = 2−(∆Cq)].

4.5. Immunofluorescence Staining

Eosinophil cytospins (1 × 105 cells) and skin sections from AD patients and healthy
controls were stained according to the protocol we recently described [20]. We used an
EPX Alexa Fluor 647 antibody (BioTechne, Wiesbaden, Germany) to detect eosinophils
(1:200 dilution in blocking solution).

4.6. Calcium Flux Experiments

Experiments to analyze changes in calcium flux were performed according to the
same procedure as described recently [67]. Purified eosinophils were labeled with 3 µM
Fluo-4 (Molecular Probes, Eugine, OR, USA) and stimulated with 0.1, 1, 10, or 100 µM
capsaicin (Merck, Darmstadt, Germany) during the measurement. Ionomycin (500 nM)
(ThermoFisher Scientific, Waltham, MA, USA) was used as the positive control and RPMI
medium (VWR International, Leuven, Belgium) as the negative control. For statistical
analysis, the factor of the intracellular fluorescence was calculated through comparing the
intensity peak after application of stimulants at 60 s to the baseline (mean value from 40 to
45 s). This experiment was also conducted with 100 µM capsaicin after eosinophil priming
with IL-3 (10 ng/mL) (PeproTech, Cranbury, NJ, USA) for 20 min at 37 ◦C and 5% CO2.

4.7. Apoptosis Assay

Purified eosinophils were stained with annexin V and propidium iodide (Apoptosis
Detection Kit, Beckman Coulter, Brea, CA, USA) to assess apoptosis after 4 and 24 h of incu-
bation. Staurosporine (1 µM) (ThermoFisher Scientific, Waltham, MA, USA) served as the
proapoptotic, IL-3 (10 ng/mL) (PeproTech, Cranbury, NJ, USA) as the anti-apoptotic, and
RPMI medium (VWR International, Leuven, Belgium) as the negative control. Apoptotic
stages were determined through flow cytometry.

4.8. Stimulation of Eosinophils with Cytokines and Incubation at Varying pH and Temperatures

Purified eosinophils were resuspended in RPMI medium (containing 10% and 1% Pen-
Strep) (VWR International, Leuven, Belgium). Eosinophils were stimulated for 4 h at 37 ◦C
and 5% CO2 with IL-3 (10 ng/mL), IL-13 (50 ng/mL), IL-33 (10 ng/mL), TSLP (10 ng/mL),
NGF-β (10 ng/mL), BDNF (50 ng/mL), TNF-α (10 ng/mL), or IL-31 (10 ng/mL) (Pepro-
Tech, Cranbury, NJ, USA). Eosinophils were also incubated without any stimulants for 4 h
at 37 ◦C and 40 ◦C and at pH 5.0, 5.5, 6.0, or 7.0. The pH value of the medium was adjusted
with HCl (Sigma-Aldrich, St. Louis, MO, USA) and NaOH (Carl Roth, Karlsruhe, Germany)
and determined with a pH electrode.

4.9. Statistical Analysis

The qPCR data from the LightCycler96 (Roche, Mannheim, Germany) were analyzed
with the LightCycler96 SW 1.1 software. All data from the CytoFlexS platform were
analyzed using the Kaluza software version 2.1.1 (Beckman Coulter, Brea, CA, USA).
GraphPad Prism 8.0.3 (GraphPad Software, San Diego, CA, USA) was used for statistical
analyses. All values are presented as mean ± SEM. Normal Gaussian distribution of data
was examined by performing a Shapiro–Wilk normality test. Normally distributed data
were analyzed by a parametric paired or unpaired two-tailed t-test or one-way ANOVA,
and p values were considered to be statistically significant if they were < 0.05 (* p < 0.05,
** p < 0.01, *** p < 0.001). The association between TRPV1 and CD69 surface content was
performed using Pearson correlation analysis.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms25031922/s1.
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Abbreviations

AD Atopic dermatitis
ATP Adenosine triphosphate
BDNF Brain-derived neurotrophic factor
Ca Calcium
CCR3 CC chemokine receptor type 3 (CD193)
cDNA Complementary deoxyribonucleic acid
CD16 Cluster of differentiation 16; FcγRIII
CD69 Cluster of differentiation 69
DAPI 4’,6-diamidino-2-phenylindol
ECP Eosinophil cationic protein
EDN Eosinophil-derived neurotoxin
EDTA Ethylenediaminetetraacetic acid
EGFR Epidermal growth factor receptor
EPX Eosinophil peroxidase
ER Endoplasmic reticulum
FCS Fetal calf serum
Fig Figure
FMO Fluorescence minus one
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GM-CSF Granulocyte/macrophage-colony-stimulating factor
h Hours
IL Interleukin
Iono Ionomycin
MAP Mitogen-activated protein
MBP Major basic protein
MFI Mean fluorescence intensity
NGF Nerve growth factor
OSMR Oncostatin M receptor
PBMC Peripheral blood mononuclear cells
PBS Phosphate-buffered saline
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PBS-T Phosphate-buffered saline with Tween
qPCR Quantitative real-time polymerase chain reaction
REA Recombinant antibody
(m)RNA (messenger) ribonucleic acid
ROS Reactive oxygen species
RPMI Roswell park memorial institute
Stauro Staurosporine
Th2 T helper cell type 2
TNF Tumor necrosis factor
TrkA Tropomyosin receptor kinase A
TrkB Tropomyosin receptor kinase B
TRPV1 Transient receptor potential vanilloid 1
TSLP Thymic stromal lymphopoietin
SEM Standard error of the mean
7-AAD 7-aminoactinomycin D
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41. Tóth, B.I.; Benkő, S.; Szöllősi, A.G.; Kovács, L.; Rajnavölgyi, E.; Bíró, T. Transient receptor potential vanilloid-1 signaling inhibits
differentiation and activation of human dendritic cells. FEBS Lett. 2009, 583, 1619–1624. [CrossRef]

42. Bertin, S.; Aoki-Nonaka, Y.; de Jong, P.R.; Nohara, L.L.; Xu, H.; Stanwood, S.R.; Srikanth, S.; Lee, J.; To, K.; Abramson, L.; et al. The
ion channel TRPV1 regulates the activation and proinflammatory properties of CD4+ T cells. Nat. Immunol. 2014, 15, 1055–1063.
[CrossRef]

43. Heiner, I.; Eisfeld, J.; Lückhoff, A. Role and regulation of TRP channels in neutrophil granulocytes. Cell Calcium 2003, 33, 533–540.
[CrossRef]

44. Heiner, I.; Eisfeld, J.; Halaszovich, C.R.; Wehage, E.; Jüngling, E.; Zitt, C.; Lückhoff, A. Expression profile of the transient receptor
potential (TRP) family in neutrophil granulocytes: Evidence for currents through long TRP channel 2 induced by ADP-ribose and
NAD. Biochem. J. 2003, 371, 1045–1053. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jaci.2013.10.048
https://doi.org/10.1111/all.15802
https://doi.org/10.3390/ijms21238882
https://www.ncbi.nlm.nih.gov/pubmed/33255148
https://doi.org/10.1038/nature12822
https://www.ncbi.nlm.nih.gov/pubmed/24305160
https://doi.org/10.1016/S0896-6273(00)80564-4
https://www.ncbi.nlm.nih.gov/pubmed/9768840
https://doi.org/10.1523/JNEUROSCI.4901-08.2009
https://www.ncbi.nlm.nih.gov/pubmed/19129393
https://doi.org/10.1073/pnas.0406030102
https://www.ncbi.nlm.nih.gov/pubmed/15764707
https://doi.org/10.1523/JNEUROSCI.4643-06.2007
https://www.ncbi.nlm.nih.gov/pubmed/17329430
https://doi.org/10.1073/pnas.111025298
https://doi.org/10.1038/35082088
https://doi.org/10.1186/1744-8069-1-3
https://doi.org/10.1038/sj.emboj.7600893
https://doi.org/10.1126/science.288.5464.306
https://doi.org/10.1016/j.ceca.2006.11.005
https://doi.org/10.3389/fimmu.2018.00174
https://doi.org/10.1038/35012076
https://doi.org/10.1038/39807
https://www.ncbi.nlm.nih.gov/pubmed/9349813
https://doi.org/10.1006/bbrc.2001.5299
https://doi.org/10.1006/bbrc.2002.6393
https://doi.org/10.1111/j.0022-202X.2004.23209.x
https://www.ncbi.nlm.nih.gov/pubmed/15245445
https://doi.org/10.1124/jpet.102.040675
https://doi.org/10.1111/j.0906-6705.2004.0178.x
https://www.ncbi.nlm.nih.gov/pubmed/14987252
https://doi.org/10.1016/j.febslet.2009.04.031
https://doi.org/10.1038/ni.3009
https://doi.org/10.1016/S0143-4160(03)00058-7
https://doi.org/10.1042/bj20021975
https://www.ncbi.nlm.nih.gov/pubmed/12564954


Int. J. Mol. Sci. 2024, 25, 1922 15 of 15

45. Parenti, A.; de Logu, F.; Geppetti, P.; Benemei, S. What is the evidence for the role of TRP channels in inflammatory and immune
cells. Br. J. Pharmacol. 2016, 173, 953–969. [CrossRef]

46. Zhu, X.; Learoyd, J.; Butt, S.; Zhu, L.; Usatyuk, P.V.; Natarajan, V.; Munoz, N.M.; Leff, A.R. Regulation of eosinophil adhesion
by lysophosphatidylcholine via a non-store-operated Ca2+ channel. Am. J. Respir. Cell Mol. Biol. 2007, 36, 585–593. [CrossRef]
[PubMed]

47. Ramírez-Barrantes, R.; Córdova, C.; Gatica, S.; Rodriguez, B.; Lozano, C.; Marchant, I.; Echeverria, C.; Simon, F.; Olivero,
P. Transient Receptor Potential Vanilloid 1 Expression Mediates Capsaicin-Induced Cell Death. Front. Physiol. 2018, 9, 682.
[CrossRef] [PubMed]

48. Yang, H.; Wang, Z.; Capo-Aponte, J.E.; Zhang, F.; Pan, Z.; Reinach, P.S. Epidermal growth factor receptor transactivation by
the cannabinoid receptor (CB1) and transient receptor potential vanilloid 1 (TRPV1) induces differential responses in corneal
epithelial cells. Exp. Eye Res. 2010, 91, 462–471. [CrossRef] [PubMed]

49. Xu, J.; Zanvit, P.; Hu, L.; Tseng, P.-Y.; Liu, N.; Wang, F.; Liu, O.; Zhang, D.; Jin, W.; Guo, N.; et al. The Cytokine TGF-β Induces
Interleukin-31 Expression from Dermal Dendritic Cells to Activate Sensory Neurons and Stimulate Wound Itching. Immunity
2020, 53, 371–383.e5. [CrossRef]

50. Rehman, R.; Bhat, Y.A.; Panda, L.; Mabalirajan, U. TRPV1 inhibition attenuates IL-13 mediated asthma features in mice by
reducing airway epithelial injury. Int. Immunopharmacol. 2013, 15, 597–605. [CrossRef]

51. Khan, A.; Diogenes, A.; Jeske, N.; Henry, M.; Akopian, A.; Hargreaves, K. Tumor necrosis factor alpha enhances the sensitivity of
rat trigeminal neurons to capsaicin. Neuroscience 2008, 155, 503–509. [CrossRef] [PubMed]

52. Lv, Z.; Xu, X.; Sun, Z.; Yang, Y.X.; Guo, H.; Shi, D. TRPV1 alleviates osteoarthritis by inhibiting M1 macrophage polarization via
Ca2+/CaMKII/Nrf2 signaling pathway. Cell Death Dis. 2021, 12, 504. [CrossRef] [PubMed]

53. Raap, U.; Wichmann, K.; Bruder, M.; Ständer, S.; Wedi, B.; Kapp, A.; Werfel, T. Correlation of IL-31 serum levels with severity of
atopic dermatitis. J. Allergy Clin. Immunol. 2008, 122, 421–423. [CrossRef] [PubMed]

54. Duca, E.; Sur, G.; Armat, I.; Samasca, G.; Sur, L. Correlation between Interleukin 31 and clinical manifestations in children with
atopic dermatitis: An observational study. Allergol. Immunopathol. 2022, 50, 75–79. [CrossRef] [PubMed]

55. Imai, Y. Interleukin-33 in atopic dermatitis. J. Dermatol. Sci. 2019, 96, 2–7. [CrossRef]
56. Rochman, Y.; Dienger-Stambaugh, K.; Richgels, P.K.; Lewkowich, I.P.; Kartashov, A.V.; Barski, A.; Khurana Hershey, G.K.;

Leonard, W.J.; Singh, H. TSLP signaling in CD4+ T cells programs a pathogenic T helper 2 cell state. Sci. Signal. 2018, 11, aam8858.
[CrossRef]

57. Bogiatzi, S.I.; Fernandez, I.; Bichet, J.C.; Marloie-Provost, M.A.; Volpe, E.; Sastre, X.; Soumelis, V. Cutting Edge: Proinflammatory
and Th2 cytokines synergize to induce thymic stromal lymphopoietin production by human skin keratinocytes. J. Immunol. 2007,
178, 3373–3377. [CrossRef]

58. Meng, J.; Wang, J.; Steinhoff, M.; Dolly, J.O. TNFα induces co-trafficking of TRPV1/TRPA1 in VAMP1-containing vesicles to the
plasmalemma via Munc18-1/syntaxin1/SNAP-25 mediated fusion. Sci. Rep. 2016, 6, 21226. [CrossRef]

59. Lieu, T.M.; Myers, A.C.; Meeker, S.; Undem, B.J. TRPV1 induction in airway vagal low-threshold mechanosensory neurons by
allergen challenge and neurotrophic factors. American journal of physiology. Lung Cell. Mol. Physiol. 2012, 302, L941–L948.
[CrossRef]

60. Papoiu, A.D.; Wang, H.; Nattkemper, L.; Tey, H.L.; Ishiuji, Y.; Chan, Y.-H.; Schmelz, M.; Yosipovitch, G. A study of serum
concentrations and dermal levels of NGF in atopic dermatitis and healthy subjects. Neuropeptides 2011, 45, 417–422. [CrossRef]

61. Raap, U.; Werfel, T.; Goltz, C.; Deneka, N.; Langer, K.; Bruder, M.; Kapp, A.; Schmid-Ott, G.; Wedi, B. Circulating levels of
brain-derived neurotrophic factor correlate with disease severity in the intrinsic type of atopic dermatitis. Allergy 2006, 61,
1416–1418. [CrossRef] [PubMed]

62. Ma, J.; Altomare, A.; Guarino, M.; Cicala, M.; Rieder, F.; Fiocchi, C.; Li, D.; Cao, W.; Behar, J.; Biancani, P.; et al. HCl-induced and
ATP-dependent upregulation of TRPV1 receptor expression and cytokine production by human esophageal epithelial cells. Am. J.
Physiol. Gastrointest. Liver Physiol. 2012, 303, G635–G645. [CrossRef] [PubMed]

63. Schicho, R.; Florian, W.; Liebmann, I.; Holzer, P.; Lippe, I.T. Increased expression of TRPV1 receptor in dorsal root ganglia by acid
insult of the rat gastric mucosa. Eur. J. Neurosci. 2004, 19, 1811–1818. [CrossRef] [PubMed]

64. Manosalva, C.; Quiroga, J.; Hidalgo, A.I.; Alarcón, P.; Anseoleaga, N.; Hidalgo, M.A.; Burgos, R.A. Role of Lactate in Inflammatory
Processes: Friend or Foe. Front. Immunol. 2021, 12, 808799. [CrossRef] [PubMed]

65. Weinkauf, B.; Rukwied, R.; Quiding, H.; Dahllund, L.; Johansson, P.; Schmelz, M. Local gene expression changes after UV-
irradiation of human skin. PLoS ONE 2012, 7, e39411. [CrossRef]

66. Greaves, E.; Grieve, K.; Horne, A.W.; Saunders, P.T. Elevated peritoneal expression and estrogen regulation of nociceptive ion
channels in endometriosis. J. Clin. Endocrinol. Metab. 2014, 99, e1738–e1743. [CrossRef]

67. Gray, N.; Limberg, M.M.; Wiebe, D.; Weihrauch, T.; Langner, A.; Brandt, N.; Bräuer, A.U.; Raap, U. Differential Upregulation and
Functional Activity of S1PR1 in Human Peripheral Blood Basophils of Atopic Patients. Int. J. Mol. Sci. 2022, 23, 16117. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/bph.13392
https://doi.org/10.1165/rcmb.2006-0391OC
https://www.ncbi.nlm.nih.gov/pubmed/17218614
https://doi.org/10.3389/fphys.2018.00682
https://www.ncbi.nlm.nih.gov/pubmed/29922176
https://doi.org/10.1016/j.exer.2010.06.022
https://www.ncbi.nlm.nih.gov/pubmed/20619260
https://doi.org/10.1016/j.immuni.2020.06.023
https://doi.org/10.1016/j.intimp.2013.02.010
https://doi.org/10.1016/j.neuroscience.2008.05.036
https://www.ncbi.nlm.nih.gov/pubmed/18582539
https://doi.org/10.1038/s41419-021-03792-8
https://www.ncbi.nlm.nih.gov/pubmed/34006826
https://doi.org/10.1016/j.jaci.2008.05.047
https://www.ncbi.nlm.nih.gov/pubmed/18678344
https://doi.org/10.15586/aei.v50i1.521
https://www.ncbi.nlm.nih.gov/pubmed/34935316
https://doi.org/10.1016/j.jdermsci.2019.08.006
https://doi.org/10.1126/scisignal.aam8858
https://doi.org/10.4049/jimmunol.178.6.3373
https://doi.org/10.1038/srep21226
https://doi.org/10.1152/ajplung.00366.2011
https://doi.org/10.1016/j.npep.2011.07.008
https://doi.org/10.1111/j.1398-9995.2006.01210.x
https://www.ncbi.nlm.nih.gov/pubmed/17073871
https://doi.org/10.1152/ajpgi.00097.2012
https://www.ncbi.nlm.nih.gov/pubmed/22790593
https://doi.org/10.1111/j.1460-9568.2004.03290.x
https://www.ncbi.nlm.nih.gov/pubmed/15078554
https://doi.org/10.3389/fimmu.2021.808799
https://www.ncbi.nlm.nih.gov/pubmed/35095895
https://doi.org/10.1371/journal.pone.0039411
https://doi.org/10.1210/jc.2014-2282
https://doi.org/10.3390/ijms232416117

	Introduction 
	Results 
	TRPV1 Is Expressed on RNA and Protein Levels in Human Eosinophils 
	Activation of TRPV1 Induces Calcium Influx 
	TRPV1 Activation Has an Antiapoptotic Effect on Human Eosinophils 
	Eosinophil Surface Expression of TRPV1 Is Linked to Activation Status 
	TRPV1 Surface Expression Is Modulated by AD-Related Cytokines and pH 
	TRPV1 Expression on Eosinophils in AD Skin 

	Discussion 
	Materials and Methods 
	Patient Materials 
	Isolation of Human Peripheral Blood Eosinophils 
	Flow Cytometry Analysis of TRPV1 and CD69 Externalization 
	RNA Isolation and qPCR 
	Immunofluorescence Staining 
	Calcium Flux Experiments 
	Apoptosis Assay 
	Stimulation of Eosinophils with Cytokines and Incubation at Varying pH and Temperatures 
	Statistical Analysis 

	References

