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Abstract 

Basophil granulocytes are involved in allergic inflammation and neuro-immune 

interactions. In pruritic skin diseases, such as atopic dermatitis (AD), basophil granulocytes 

infiltrate into inflamed skin, where they drive inflammation and pruritus. AD is an 

inflammatory skin disease characterized by the presence of itchy skin lesions, which affect 

the quality of life of patients. The acute phase of AD is associated with T helper 2 (Th2) 

cytokines, especially interleukin (IL)-31, which is increased in the serum of AD patients and 

correlates with disease severity. In AD, the transient receptor potential ankyrin 1 (TRPA1) 

channel is increased and a known part of disease pathogenesis. The expression of TRPA1 in 

basophil granulocytes has not yet been analyzed, despite the involvement of both in AD 

pathogenesis. In this doctoral thesis, human peripheral blood basophil granulocytes were 

isolated from nonatopic (NA) donors and AD patients by negative immunomagnetic bead 

selection. TRPA1 is expressed in basophil granulocytes of NA donors and patients with AD, 

while being significantly increased in the latter group. Calcium flux assay analysis 

demonstrated the functionality of the TRPA1 channel when stimulated with its selective 

agonist JT010. However, activation of the channel did not result in upregulation or 

externalization of the basophil granulocyte markers CD203c and CD63, respectively. 

Modulation of TRPA1 was observed after stimulation with the inflammatory mediators IL-

3, IL-31, and nerve growth factor-beta (NGFβ). Furthermore, an inflammatory environment 

simulated by acidic pH also increased TRPA1, while elevated temperature did not affect 

expression. Activation of the TRPA1 channel did not affect basophil granulocyte viability. 

Immunofluorescence staining of lesional skin from AD patients confirmed TRPA1 

expression in basophil granulocytes. As TRPA1 expression is often observed in TRP 

vanilloid 1 (TRPV1)-positive neurons, TRPA1/TRPV1 co-expression was investigated and 

confirmed in basophil granulocytes of NA donors and AD patients. Co-expression was 

modulated by IL-3, IL-33, and NGFβ. An acidic milieu also significantly increased 

TRPA1/TRPV1 co-expression, while changes in temperature had no effect. These results 

indicate the importance of basophil granulocytes and TRP channels in AD. 



 

 

Zusammenfassung 

Basophile Granulozyten sind an allergischen Entzündungen und neuro-immunen 

Interaktionen beteiligt. Bei juckenden Hauterkrankungen wie der atopischen Dermatitis 

(AD) infiltrieren basophile Granulozyten in die entzündete Haut, wo sie Entzündungen und 

Juckreiz auslösen. Die AD ist eine entzündliche Hauterkrankung, die durch juckende 

Hautläsionen gekennzeichnet ist und die Lebensqualität der Patienten beeinträchtigt. Die 

akute Phase der AD ist durch T-Helfer-2 (Th2)-Zytokine geprägt, insbesondere mit 

Interleukin (IL)-31, das im Serum von AD-Patienten erhöht ist und mit der Schwere der 

Erkrankung korreliert. Bei der AD ist der transient receptor potential ankyrin 1-Kanal 

(TRPA1) erhöht und ein bekannter Bestandteil der Pathogenese. Die Expression von TRPA1 

in basophilen Granulozyten wurde bisher noch nicht untersucht, obwohl beide an der AD-

Pathogenese beteiligt sind. In dieser Doktorarbeit wurden humane basophile Granulozyten 

aus peripherem Blut von nicht-atopischen (NA)-Spendern und AD-Patienten durch 

negative immunomagnetische Bead-Selektion isoliert. TRPA1 wurde in basophilen 

Granulozyten von NA-Spendern und Patienten mit AD analysiert, wobei es in der letzteren 

Gruppe signifikant erhöht war. Ein Kalziumfluss-Assay zeigte die Funktionalität des 

TRPA1-Kanals bei Stimulation mit dem spezifischen Agonisten JT010. Die Aktivierung des 

Kanals führte jedoch nicht zu einer Hochregulierung oder Externalisierung der basophilen 

Granulozytenmarker CD203c bzw. CD63. Die Modulation von TRPA1 durch 

Entzündungsmediatoren erfolgte durch Stimulation mit IL-3, IL-31 und 

Nervenwachstumsfaktor-beta (NGFβ). Eine entzündliche Umgebung, die durch einen 

sauren pH-Wert simuliert wurde, steigerte ebenfalls die TRPA1-Expression auf Basophilen, 

während eine erhöhte Temperatur die Expression nicht beeinflusste. Die Aktivierung des 

TRPA1-Kanals hatte keinen Effekt auf die Lebensfähigkeit der basophilen Granulozyten. 

Die Immunfluoreszenzfärbung von Hautläsionen von AD-Patienten bestätigte die TRPA1-

Expression in basophilen Granulozyten. Da die TRPA1-Expression häufig in TRP Vanilloid 

1 (TRPV1)-positiven Neuronen beobachtet wird, wurde die TRPA1/TRPV1-Koexpression in 

basophilen Granulozyten von NA-Spendern und AD-Patienten untersucht und bestätigt. 

Die Koexpression der Kanäle wurde durch IL-3, IL-33 und NGFβ moduliert. Ein saures 



 

 

Milieu erhöhte ebenfalls signifikant die TRPA1/TRPV1-Expression auf Basophilen, 

während die Temperatur keine Auswirkungen hatte. Diese Ergebnisse verdeutlichen die 

Bedeutung von basophilen Granulozyten und TRP-Kanälen bei der AD. 
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1 Introduction 

1.1 Basophil granulocytes 

Basophil granulocytes were first described in 1879 by Paul Ehrlich due to their affinity to 

basic dyes, which stain the cytoplasmic basophilic granules [1]. Originating from the bone 

marrow [2], basophil granulocytes differentiate into mature cells when exposed to their 

most prominent differentiation factor, interleukin (IL)-3 [3, 4]. Hematopoietic stem cells 

differentiate into granulocyte-monocyte precursors [2]. These precursors then give rise to 

eosinophil, basophil-mast cell, mast cell, and basophil precursors [2]. The basophil-mast cell 

precursor is suggested to migrate to the spleen for maturation, while the other precursors 

remain in the bone marrow [2, 5]. Upon maturation, basophil granulocytes enter the 

bloodstream [2], circulating until they migrate into inflamed tissues, e.g., during asthma or 

atopic dermatitis (AD) [6]. The fate of basophil granulocytes after migration is not fully 

understood, with possibilities including their return to the bloodstream or migration to 

draining lymph nodes [7, 8]. 

Originally, basophil granulocytes were thought to be phenotypically and functionally 

similar to mast cells since both express the high-affinity IgE receptor FcεRI and contain 

basophilic granules [9]. However, basophil granulocytes were later discovered to differ in 

their location and their lifespan. While mast cells are found primarily in peripheral tissues, 

basophil granulocytes enter the bloodstream and infiltrate into the skin during 

inflammation [6]. Additionally, mast cells have a lifespan of 2–3 weeks, whereas murine and 

human basophil granulocytes only live for approximately 60 hours and are unable to 

proliferate [2, 6, 10, 11]. 

Basophil granulocytes are spherical cells measuring approximately 10-14 µM in diameter 

[12], which possess a polylobed nucleus [13]. The cytoplasm contains numerous round or 

oval, purple, dark granules when stained, of variable size that partially cover the nucleus 

(Figure 1) [12]. Accounting for less than 1% of all leukocytes, basophil granulocytes are the 

rarest type of granulocytes in peripheral blood [1].  
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Figure 1: Basophil granulocytes. Giemsa staining of isolated human peripheral blood basophil granulocytes showing the 

granulocytes in purple and the polylobed nuclei in violet [14]. 

 

Basophil granulocytes play important roles in immunity, including protection against 

helminths [10, 15], mediation of allergic inflammation [6], and involvement in neuro-

immune interactions with sensory neurons in the skin [16]. As early infiltrators of inflamed 

skin in pruritic diseases, basophil granulocytes act as drivers of inflammation and itch in 

conditions such as AD, bullous pemphigoid, and chronic spontaneous urticaria [16]. Upon 

activation, basophil granulocytes release an armory of cytokines, such as tumor necrosis 

factor alpha (TNF-α), IL-3, granulocyte-macrophage colony-stimulating factor (GM-CSF), T 

helper 2 (Th2) cytokines IL-4, IL-5, IL-6, IL-13, the pruritogenic cytokine IL-31, and thymic 

stromal lymphopoietin (TSLP). Furthermore, basophil granulocytes also release the lipid 

mediators sphingosine-1-phosphate (S1P) and leukotriene C4 (LTC4), the neurotrophin 

nerve growth factor (NGF), the neuropeptide substance P, and the biogenic amine histamine 

(Figure 2) [16–20]. IL-31 induces chemotaxis in basophil granulocytes and facilitates neuro-

immune interaction with sensory neurons [16, 18]. Basophil granulocytes express receptors 
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for IL-4 and IL-13, more specifically the IL-4 receptor alpha subunit (IL-4Rα) and IL-13 

receptor subunit alpha 1 (IL-13Rα1) [21], along with the IL-31 receptor complex consisting 

of IL-31 receptor A (IL-31RA) and oncostatin M receptor β (OSMRβ) [18].  

 

 

Figure 2: Release of basophil granulocyte mediators. Basophil granulocytes release various mediators upon stimulation. 

GM-CSF: Granulocyte-Macrophage Colony-Stimulating Factor; IL: Interleukin; LTC4: Leukotriene C4; NGF: Nerve 

Growth Factor; TNF-α: Tumor Necrosis Factor Alpha; TSLP: Thymic Stromal Lymphopoietin; S1P: Sphingosine-1-

Phosphate. Figure created with BioRender. 

 

Basophil granulocytes can be activated via IgE-dependent pathways, as they express the 

high-affinity IgE receptor FcεRI [9] and its ligand [22], leading to histamine release upon 

stimulation [9]. However, IgE-independent activation occurs via cytokines, e.g., IL-3 and IL-

33, antibodies, such as IgG, Toll-like receptor ligands, including lipopolysaccharides, 

proteases, and complement factors [2, 23]. IgE-independent activation, however, causes less 

histamine release than the IgE-dependent activation [23]. IL-3 is the most potent activator 
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and priming factor of basophil granulocytes, enhancing the release of mediators [24, 25]. It 

additionally promotes basophil granulocyte differentiation [4], and its receptor α-chain 

CD123 is expressed on the basophil granulocyte surface [24, 26]. IL-5, NGFß [27], and GM-

CSF, the latter of which is also secreted by basophil granulocytes [17], further prime 

basophil granulocytes for activation [28].  

The basophil granulocyte activation test (BAT), which was developed in the 1950s, assesses 

IgE-mediated allergic responses by measuring the upregulation of activation markers such 

as CD13, CD45, CD63, CD69, and CD203c [29, 30] after contact with IgE [31]. CD63 and 

CD203c are the most prominent members of basophil granulocyte activation markers [29]. 

CD203c, a basophil-specific ecto-nucleotide pyrophosphatase/phosphodiesterase, is 

constitutively expressed on the surface of basophil granulocytes and upregulated following 

allergen-induced cross-linking of IgE on FcεRI [32]. This reaction precedes the 

externalization of CD63 [32]. CD63 is a membrane component of histamine-containing 

granules. Upon activation, the granules fuse with the membrane, causing the externalization 

of CD63 and histamine release during anaphylactic degranulation [33]. Within 1–6 hours of 

activation, basophil granulocytes release leukotrienes, prostaglandins, proteases, and 

cytokines, such as IL-4, IL-6, and IL-13 [23]. While anaphylactic degranulation is a rapid, 

IgE-dependent process, basophil granulocytes can also undergo piecemeal degranulation, a 

slower, IgE-independent process. During piecemeal degranulation, small vesicles form 

from granules and release their content without fusing with the cell membrane [34]. This 

process occurs during chronic diseases, such as bullous pemphigoid, ulcerative colitis, and 

Crohn’s disease [34]. After IgE-independent stimulation, basophil granulocytes release IL-4 

and IL-13. Taken together, these findings show the importance of basophil granulocytes in 

inflammation and itch. 

 

1.2 Atopic dermatitis 

AD is an inflammatory skin disease which is associated with dry skin and eczematous skin 

lesions (Figure 3) [35]. The main symptom, however, is pruritus [35] severely affecting the 
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quality of life in 5–20% of children [36] and 1–3% of adults [37]. Worldwide, AD is the most 

common skin disease in children. AD severely impairs the quality of life of all patients, 

affecting sleep, social life, their mental well-being, and that of their families [38]. As the first 

step in the atopic march, AD often precedes the development of asthma or allergic rhinitis 

[39] in approximately 80% of children [40].  

 

 

Figure 3: Eczematous skin lesions in atopic dermatitis. Image provided by Ulrike Raap. 

 

The pathogenesis of AD remains incompletely understood, with two competing hypotheses 

having been proposed: the “outside-in” and the “inside-out” hypotheses [41]. “Outside-in” 

describes a dysfunction of the epidermal barrier, which then triggers immune activation. 

This may occur due to a mutation in the skin barrier protein filaggrin; however, only 

approximately 20% of mild-to-moderate AD patients present with filaggrin mutations [42, 

43], and >50% of mutation carriers never develop AD [42]. Even if they do, some adults 

outgrow the disease [43]. The “inside-out” hypothesis postulates that the development of 

AD is caused by immune dysregulation, which then leads to skin barrier dysfunction [41], 

enabling pathogens to enter the skin and cause inflammation [44]. The most recently 
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proposed model is called “outside-inside-outside,” where environmental factors and the 

skin microbiome affect the skin from the outside through skin barrier defects, causing 

immune dysregulation that subsequently affects the skin barrier [44].  

Injury of the epidermis causes the release of IL-25, IL-33, and TSLP, resulting in the 

activation of innate type II lymphoid cells [45]. This leads to a type II immune response, 

which is induced by IL-5 and IL-13 [45]. While IL-5 activates eosinophils [46], it is also one 

priming factor of basophil granulocytes [28]. During acute phases in AD, the cytokine 

profile is reported to be mainly Th2, which is characterized by cytokines such as IL-4, IL-13, 

and IL-31, while in chronic phases, T helper 1 (Th1) cytokines, such as IL-1 and IL-17, are 

predominantly present [40, 47]. Basophil granulocytes play an important role in the 

pathogenesis of AD, where they infiltrate into the lesional skin and perpetuate inflammation 

and itch [48–50] via IgE-independent pathways [6]. The production of IL-4, an important 

cytokine in AD pathogenesis, is induced by IL-18, IL-33, IL-3 by itself, and IL-3 in 

combination with Toll-like receptor ligands [6].  

The exact mechanisms for the development of itch in AD are still not fully understood. 

However, it is known that IL-31, a key pruritogen in AD, activates sensory neurons and 

immune cells, creating an itch-scratch cycle [51]. Staphylococcus aureus, a Gram-positive 

bacterium, colonizes skin during AD flares due to changes in microflora [52]. It has been 

detected in 39% of non-lesional skin and 70% of lesional skin [53], correlating with disease 

severity [54]. Treatment for AD has been shown to increase microbial skin diversity [54]. 

The pathogen can activate basophil granulocytes through the release of protein A, causing 

histamine release [55], which suggests an interaction between Staphylococcus aureus and 

basophil granulocytes in AD.  

In AD, peripheral nerve density is significantly increased at different stages of the disease 

in comparison to healthy subjects [56]. The enhanced presence of infiltrated basophil 

granulocytes close to neurons suggests a neuro-immune interaction [16]. Furthermore, 

basophil granulocytes are often located in close proximity to CD4+ T cells and innate 

lymphoid type II cells in the skin of AD patients [57, 58]. Additionally, basophil 

granulocytes recruit eosinophils into the skin in AD [59], intensifying inflammation [60]. 
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Pruritus in AD is difficult to treat. Antihistamines, which are used due to their mild side 

effects, often do not have any effect on pruritus treatment [61, 62]. However, novel therapies, 

including biologics and Janus kinase (JAK) inhibitors, have been proven to be very effective 

in treating both inflammation and pruritus in AD. These biologic therapies include 

dupilumab [63], tralokinumab [64], lebrikizumab [65], and nemolizumab [66]. The 

monoclonal antibody dupilumab targets IL-4Rα, the shared receptor for IL-4 and IL-13 [63], 

while tralokinumab and lebrikizumab bind directly to IL-13 [64, 65]. Nemolizumab, an anti-

IL-31RA monoclonal antibody, relieves itch in AD patients and has been found to improve 

sleep, inflammation, and quality of life of patients [66], underscoring the pruritic effect of 

IL-31 in this disease. Further, JAK inhibitors have been proven to significantly inhibit 

pruritus and inflammation in AD [67]. Licensed JAK inhibitors include upadacitinib, 

abrocitinib, and baricitinib, targeting either JAK1, 2, or both signaling pathways [67].  

There are two pathways of itch in AD. One is driven by IgE and histamine release [68]; the 

other is mediated by inflammatory mediators such as cytokines, neurotransmitters, 

neurotrophins, and neuropeptides, to name only a few [69, 70]. Itch in general has a broad 

spectrum of mediators that includes not only cytokines and neurotrophins but also ion 

channels [69], which are further discussed in Chapter 1.3. 

 

1.3 Transient receptor potential channels 

Transient receptor potential (TRP) channels were first discovered in 1969 by Cosens and 

Manning in a mutant of Drosophila melanogaster [71]. Instead of the usual constant response 

to a bright light stimulus, the mutant reacted in a transient manner [71]. This was caused by 

a mutation in the trp gene [72]. So far, 28 TRP channels have been identified in mammals, 

which are divided into six subfamilies based on their genetic composition: TRP ankyrin 

(TRPA, with 1 member), TRP canonical (TRPC comprising 7 members), TRP melastatin 

(TRPM containing 8 members), TRP mucolipin (TRPML with 3 members), TRP polycystin 

(TRPP comprising 3 members), and TRP vanilloid (TRPV containing 6 members) [73, 74].  
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TRP channels are widely expressed in the body, e.g., in sensory neurons [75, 76], epithelial 

cells [77], and immune cells [77], where they regulate processes such as leukocyte migration 

[78] and cytokine release [78]. When activated, cation influx occurs, leading to the 

depolarization of the membrane potential in neurons [79]. In the context of itch, pruritic 

signals are then transmitted [80]. The general structure of a TRP subunit consists of six 

transmembrane α-helices, with a pore-forming loop being located between transmembrane 

domains 5 and 6 (Figure 4A) [81]. Intracellularly, each subunit contains an N-terminal (NH2) 

and C-terminal (COOH) domain (Figure 4A) [82]. These termini vary among subfamilies, 

with TRPA, TRPC, and TRPV possessing ankyrin repeats in their N-terminus [81]. A 

functional TRP channel is formed by four TRP subunits, either as a homo- or heterotetramer 

with other members of the same or different subfamilies (Figure 4B, C, respectively) [81, 82]. 

Once assembled, these channels enable the transport of cations across cellular membranes 

[81]. 

 

 

Figure 4: General structure of a transient receptor potential (TRP) channel. A: Structure of a single TRP subunit showing 

six transmembrane domains with a pore-forming loop (P) between segments 5 and 6. Intracellular NH2-terminus (N) and 

COOH-terminus (C). B: Four homologous subunits forming a functional homotetrameric channel. C: Example of a 

heterologous channel containing subunits from the same or different TRP subfamilies. Figure created with BioRender. 

 

TRP channels are involved in mediating diverse physiological functions, including 

thermosensation (TRPV1-4, TRPA1, TRPM8) [83], nociception (TRPA1, TRPV1) [83], 

chemosensation (TRPV1, TRPA1, TRPM5) [84], mechanosensation (TRPA1, TRPV4, TRPC1, 
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TRPC6) [85], neurogenic inflammation (TRPA1, TRPV1) [86–88], pain modulation (TRPV1) 

[89], and respiratory diseases (TRPA1, TRPM8, TRPV1) [90].  

TRPA1 is of particular interest in dermatology due to its role in itch signaling [91] and 

neurogenic inflammation [86]. Interestingly, TRPA1 mRNA was also shown to be 

upregulated in the epidermis of AD patients [92]. Thus, this makes the TRPA1 an interesting 

target for investigation in AD.  

 

1.3.1 TRPA1 

The TRPA1 channel represents the most recently discovered member of the TRP 

superfamily in mammals. TRPA1 was first identified in human fibroblasts [93, 94]. Initially 

termed ankyrin-like with transmembrane domains protein 1 (ANKTM1) due to its N-

terminal ankyrin repeats [94], subsequent studies revealed 14–18 ankyrin repeats across 

species, with 16 repeats being present in humans [94, 95]. It is expressed in sensory neurons 

[94], keratinocytes [96], melanocytes [97], and dorsal root ganglia (DRGs) [75]. Its presence 

has been confirmed in cells of the innate immune system, e.g., mast cells [98, 99] and 

macrophages [99], as well as in the adaptive immune system, such as B cells [100] and T 

cells [99, 101, 102].  

TRPA1 is activated by diverse stimuli, with the most prominent compounds including 

allicin [103], carvacrol [104], cinnamaldehyde [101], and mustard oil [101], also known as 

allyl isothiocyanate (AITC) (Figure 5). Other activators of TRPA1 include the electrophilic 

compound JT010 [105], heat [106], and cold, with temperatures less than 18°C activating the 

channel in mice and rats [94, 107]; however, this effect in humans remains controversial [108, 

109].  

Modulation of TRPA1 channel expression occurs through intracellular Ca2+ [95], changes in 

pH [95], and antagonists, such as A-967079 [110], AP-18 [111], and HC-030031 [112]. Upon 

activation, TRPA1 mediates cation influx, causing membrane depolarization and elevated 

intracellular Ca2+ [99, 113]. Agonist-dependent trafficking occurs, as AITC increases 

membrane expression via translocation [114, 115], while carvacrol does not [104].  
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TRPA1 contributes to diseases such as asthma [116], diabetes mellitus [116], and AD [92, 98, 

117]. Its activation evokes neuropathic and inflammatory pain and heat hypersensitivity 

[118]. While HC-030031 suppresses TRPA1 activation by AITC or cinnamaldehyde in 

humans and attenuates pain in mice [112], its inhibitory mechanism remains unclear [83].  

 

 

Figure 5: TRPA1 agonists and antagonists. The TRPA1 channel can be activated by a variety of agonists and actions and 

can also be inhibited. When activated, it is involved in multiple diseases. Figure adapted from Talavera et al. [95] and 

created with BioRender. 
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TRPA1 is primarily known for its role in itch, as it mediates histamine-independent pruritus 

via direct activation or through downstream G protein-coupled receptors signaling [119]. 

TRPA1 is also an important factor in AD, as was shown in a mouse model, where knockout 

of TRPA1 improved the scratching behavior [117]. Expression of the channel is increased in 

sensory neurons, DRGs, and mast cells in mice [98]. Similar results were discovered in 

humans, where TRPA1 was overexpressed in dermal afferent nerves, mast cells, and the 

skin of AD patients [92, 98]. Interestingly, TRPA1 was not only elevated in the lesional 

pruritic skin of AD patients but also in the non-lesional, non-pruritic tissue [92]. Given 

basophil granulocytes’ role in allergic inflammation and their infiltration into AD lesions 

[49], understanding TRPA1 regulation in these cells could provide new insights into AD-

associated itch. Aberrant serotonin signaling has been suspected to be part of the 

development of AD in humans [120]. The serotonin receptor HTR7 is expressed on sensory 

neurons responsible for itch and functionally coupled to TRPA1, as the receptor activates 

the channel via adenylate cyclase signaling [121]. The study by Morita et al. also indicated 

that HTR7 and TRPA1 were required to elicit an increase in the intracellular calcium level 

in humans, and both were necessary for the development of AD in mice [121].  

Cevikbas et al. [51] successfully showed that DRGs express TRPA1 and TRPV1 channels. 

Co-expression of both channels has been documented before, as 97% of sensory neurons 

expressing TRPA1 also expressed TRPV1 [94]. In mice, the co-expression of TRPA1, TRPV1, 

and IL-31RA in DRGs is required to cause IL-31-induced scratching [51], highlighting the 

importance of TRPV1 in itch, which is further explained in the following chapter.  

 

1.3.2 TRPV1 

TRPV1 is primarily known for being activated by its agonist capsaicin, the spicy component 

in chili, which evokes a painful burning sensation [122]. The channel was first discovered in 

1997 and has since been extensively studied for its role in pain pathways. Its importance has 

been demonstrated in mice, where TRPV1 knockout leads to reduced pain responses to 

TRPV1 agonists [123].  
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Similar to the TRPA1 channel, TRPV1 is expressed in neurons and immune cells. It has been 

found on human and murine nociceptive DRG neurons [51], the human trigeminal ganglion 

[124], and immune cells such as neutrophils [125], eosinophils [126], and basophil 

granulocytes [127]. While TRPV1 expression has been confirmed in basophil granulocytes, 

its specific function and regulation, particularly in the context of AD, remain to be fully 

elucidated.  

TRPV1 plays a role in pain perception, as it is expressed on C- and Aδ nociceptive nerves 

[128]. When activated, the channel allows for Ca2+ and Na2+ ions to enter into nociceptive 

afferent neurons, which then release glutamate and peptides, such as substance P, 

neurokinin A, and calcitonin gene-related peptide [128, 129]. These neurotransmitters 

transmit pain signals to the dorsal horn of the spinal cord, which subsequently travel to the 

brain [128, 129]. Intradermal injection of capsaicin induces pain, confirming TRPV1’s 

involvement in pain signaling [129].  

The role of TRPV1 in inflammation was initially focused on neurogenic inflammation 

because it was thought to be expressed only in neurons [87, 88]. However, the discovery of 

TRPV1 in other cell types has led to investigations into its involvement in inflammatory 

diseases, such as asthma, rheumatoid arthritis, or inflammatory bowel diseases [88]. The 

application of TRPV1 antagonists, such as capsazepine, A-889425, and JNJ-17203212, has 

shown potential for improving these conditions [88, 130, 131].  

The TRPV1 channel is also involved in itch signaling pathways. It is through this receptor 

that capsaicin can induce itch [132]. However, long-term activation of TRPV1 with capsaicin 

has analgesic and antipruritic effects as the TRPV1 channel on afferent neurons becomes 

desensitized [89]. TRPV1 signaling is part of the histaminergic itch pathway, as the channel 

is present on histamine-sensitive C-fibers and is activated by phospholipase A2 and 12-

lipoxygenase [133]. It also contributes to non-histaminergic pruritus, as the activation of 

protease-activated receptors by their ligands causes the sensitization of TRPV1, leading to 

itch responses [80]. 
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TRPV1 plays a significant role in pruritus signaling associated with AD. The pruritogenic 

cytokine IL-31 activates TRPV1 and TRPA1 on cutaneous sensory neurons and DRGs that 

express receptors for both TRP channels and IL-31RA [51], as mentioned in Chapter 1.3.1. A 

similar result was demonstrated by Lee et al. [134], where an AD disease model in mice 

evoked increased IL-31RA and TRPV1 overexpression in peripheral nerve fibers.  

Clinical trials have further highlighted the therapeutic potential of targeting TRPV1. A 

Phase III clinical trial which investigated the TRPV1 antagonist Asivatrep provided 

promising results by significantly decreasing eczema along with attenuating pruritus [135]. 

Treatment with another TRPV1 antagonist, PAC-14028, improved skin barrier function in 

mice by suppressing AD-like symptoms such as increased serum IgE and scratching 

behavior [136]. TRPV1 mRNA is significantly increased in the pruritic skin of AD patients 

in comparison to healthy controls [92]. The channel was found to be expressed in 

eosinophilic and basophilic granulocytes in close proximity to neurons [126, 127]. 

Furthermore, TRPV1 expression is significantly increased in peripheral blood basophil 

granulocytes from AD patients [127]. 

 

1.4 Thesis aim 

Atopic dermatitis, a chronic inflammatory and itchy skin condition, severely impairs the 

quality of life in patients [38]. Basophil granulocytes, which have been shown to infiltrate 

the skin of AD patients, do play a role in the inflammatory response [48–50]. However, the 

mechanisms of itch and inflammation in AD remain incompletely understood. While 

TRPV1 has been identified in human basophil granulocytes [127], the expression and 

functional relevance of TRPA1 in basophil granulocytes has not been investigated. Thus, 

this doctoral thesis aims to investigate the role of basophil granulocytes and the TRPA1 

channel, along with its co-expression with TRPV1, in human peripheral blood basophil 

granulocytes of AD patients in addition to those of nonatopic (NA) controls. This research 

will help to understand the mechanism of itch and inflammation in AD, possibly revealing 

novel therapeutic targets for itch and inflammation.  
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The aim of the thesis was to examine the TRPA1 channel expression and functionality in 

human peripheral blood basophils of NA donors and AD patients. 

Therefore, four main aspects were investigated:  

1. TRPA1 expression in human peripheral basophil granulocytes from NA donors and 

AD patients were characterized. Basophil granulocytes were isolated and analyzed 

for their TRPA1 expression on both the mRNA and protein level. Further, TRPA1 

expression on peripheral human blood basophils was analyzed in the context of Th2 

inflammation of AD patients in comparison to NA donors. Moreover, skin samples 

from NA donors and AD patients were analyzed for basophil granulocyte infiltration 

with immunofluorescence staining. 

2. TRPA1 functionality in human peripheral blood basophil granulocytes and its 

modulation by Th2 AD-associated cytokines and neurotrophins were assessed. The 

functionality of the TRPA1 channel was tested through a calcium flux assay. 

Afterwards, the effect of cytokines and neurotrophins, which are increased during 

AD [137–142], was analyzed to determine whether basophil granulocytes expressed 

more TRPA1 when stimulated with these inflammatory mediators.  

3. Human peripheral blood basophil granulocyte viability was assessed to evaluate the 

effect of TRPA1 activation on basophil granulocytes.  

4. The co-expression of TRPA1 and TRPV1 was analyzed in human peripheral blood 

basophils using flow cytometry.  

Investigating these aims will give novel insights into the role of TRPA1 in basophil 

granulocytes during AD. 
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2 Materials and methods 

2.1 Materials 

2.1.1 Laboratory equipment 

Equipment name Manufacturer 

Analytical scale Sartorius, Göttingen 

Arium® Pro Ultrapure Water Systems Sartorius, Göttingen 

BioSpectrometer® basic Eppendorf, Hamburg 

BSH200 Myblock Mini Dry Bath Benchmark Scientific, Sayreville, NJ, USA 

Centrifuge 5418 Eppendorf, Hamburg 

Centrifuge 5424 R Eppendorf, Hamburg 

Centrifuge 5810 R  Eppendorf, Hamburg 

Color Sprout® Plus Mini-Centrifuge Biozym Scientific, Hessisch Oldendorf 

Cryostat CM1950 Leica Biosystems, Nussloch 

Cytoflex S Flow Cytometer Beckman Coulter, Brea, CA, USA 

FiveEasy Plus pH meter FP20-TRIS-Kit METTLER TOLEDO, Columbus, OH, USA 

Galaxy® 170 S CO2 Incubator Eppendorf, Hamburg 

LightCycler® 96 Roche Diagnostics, Basel, Switzerland 

Olympus BX63F microscope with Olympus 

DP80 camera 

EVIDENT Europe, Hamburg 

PCR Workstation VWR International, Radnor, PA, USA 

Pipetus® Hirschmann® Laborgeräte, Eberstadt 

Precision scale Sartorius, Göttingen 

RH basic 2 magnetic stirrer IKA, Staufen 

ROCKER 3D digital IKA, Staufen 

Safety cabinet class II claire® pure Berner International, Elmshorn 

Scanning stage with ultrasonic BX3-SSU EVIDENT Europe, Hamburg 

Sola light engine Lumencor, Beaverton, OR, USA 

Specimen disc 20, assy. Leica Biosystems, Nussloch 
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Equipment name Manufacturer 

Staining chamber StainTray™ Carl Roth, Karlsruhe 

Staining trough acc. to Hellendahl with 

expansion 

Carl Roth, Karlsruhe 

Staining trough ROTILABO® Carl Roth, Karlsruhe 

SureCycler 8800 Agilent Technologies, Santa Clara, CA, 

USA 

„The Big Easy“ EasySep™ Magnet STEMCELL Technologies, Vancouver, 

Canada 

Vornado™ Mini Vortex Mixer Benchmark Scientific, Sayreville, NJ, USA 

Water Bath 1002 GFL, Burgwedel 

 

2.1.2 Disposables 

Name Manufacturer 

Cap strips, PP, BIO-CERT® PCR QUALITY Brand, Wertheim 

Cover Slips, Rectangular VWR International, Radnor, PA, USA 

Finntip™ Filtered Pipette Tips Thermo Fisher Scientific, Waltham, MA, 

USA 

Gel-Loading Pipette Tips VWR International, Radnor, PA, USA 

LightCycler® 480 Multiwell Plate 96, white Roche Diagnostics, Basel, Switzerland 

LightCycler® 480 Sealing Foil Roche Diagnostics, Basel, Switzerland 

Nunc™ Serological Pipettes Thermo Fisher Scientific, Waltham, MA, 

USA 

Pasteur-Plast Makro Pipets, 3 mL Ratiolab, Dreieich 

PCR strips, PP, BIO-CERT® PCR QUALITY Brand, Wertheim 

Reaction tube, 1.5 ml, PP SARSTEDT, Nümbrecht 

Safe-Lock reaction tube, 1.5 mL, PCR clean Eppendorf, Hamburg 

SafeSeal reaction tube, 0.5 ml SARSTEDT, Nümbrecht 
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Name Manufacturer 

SafeSeal SurPhob filter  Biozym Scientific, Hessisch Oldendorf 

SafeSeal Tips Professional, steril Biozym Scientific, Hessisch Oldendorf 

Screw cap tube, 50 ml, (LxØ): 114 x 28 mm, 

PP, with print 

SARSTEDT, Nümbrecht 

S-Monovette® EDTA K3E, 9-ml SARSTEDT, Nümbrecht 

Superior™ HistoBond™ Adhesive 

Microscope Slides 

Fisher Scientific, Leicestershire, UK 

13 mL, 95 x 16.8 mm tube, round base tube, 

polystyrene 

SARSTEDT, Nümbrecht 

 

2.1.3 Chemicals and kits 

Name Manufacturer 

Annexin V-FITC Beckman Coulter, Brea, CA, USA 

Anti-Human IgE (ε-chain specific) 

antibody produced in goat 

Merck, Darmstadt 

Bovine serum albumin (BSA) VWR International, Radnor, PA, USA 

Calcium chloride dihydrate VWR International, Radnor, PA, USA 

Cryo-Gel® embedding medium Leica Biosystems, Nussloch 

Cyto-Fast™ Fix/Perm Buffer Set BioLegend, San Diego, CA, USA 

Dako Pen Agilent Technologies, Santa Clara, CA, 

USA 

Decontamination solution, RNase AWAY® VWR International, Radnor, PA, USA 

Dimethylsulfoxid for cell culture VWR International, Radnor, PA, USA 

EasySepTM Direct Human Basophil 

Isolation Kit 

STEMCELL Technologies, Vancouver, 

Canada 

Ethylenediamine tetraacetic acid Carl Roth, Karlsruhe 

FastStart Essential DNA Green Master Roche Diagnostics, Basel, Switzerland 

Fetal bovine serum Bio-Techne, Minneapolis, MN, USA 
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Name Manufacturer 

Fluo-4, AM, cell permeant Thermo Fisher Scientific, Waltham, MA, 

USA 

Gel sealant got2be, Düsseldorf 

HEPES Carl Roth, Karlsruhe 

High Pure RNA Isolation Kit Roche Diagnostics, Basel, Switzerland 

Ionomycin, Calcium Salt Fisher Scientific, Leicestershire, UK 

JT010 Merck, Darmstadt 

Methanol Merck, Darmstadt 

N-Formyl-L-methionyl-L-leucyl-L-

phenylalanin 

Merck, Darmstadt 

Penicillin : Streptomycin solution 6.0/10.0 

g/L 100X 

VWR International, Radnor, PA, USA 

Recombinant Human IL-3 PeproTech, Cranbury, NJ, USA 

Recombinant Human IL-13 PeproTech, Cranbury, NJ, USA 

Recombinant Human IL-31 PeproTech, Cranbury, NJ, USA 

Recombinant Human IL-33 PeproTech, Cranbury, NJ, USA 

Recombinant Human TNF-α PeproTech, Cranbury, NJ, USA 

Recombinant Human TSLP PeproTech, Cranbury, NJ, USA 

Recombinant Human β-NGF PeproTech, Cranbury, NJ, USA 

Recombinant Human/Murine/Rat BDNF PeproTech, Cranbury, NJ, USA 

RNAlater™ Solution Thermo Fisher Scientific, Waltham, MA, 

USA 

ROTI®Cell PBS Carl Roth, Karlsruhe 

ROTI®Mount FluorCare DAPI Carl Roth, Karlsruhe 

ROTI®PreMix PBS Carl Roth, Karlsruhe 

RPMI 1640, Cell culture medium VWR International, Radnor, PA, USA 

RPMI 1640 medium, w/o glutamine, 

phenol red 

Thermo Fisher Scientific, Waltham, MA, 

USA 
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Name Manufacturer 

Sodium chloride Merck, Darmstadt 

Staurosporine Fisher Scientific, Leicestershire, UK 

Transcriptor First Strand cDNA Synthesis 

Kit 

Roche Diagnostics, Basel, Switzerland 

Tween® 20 AppliChem, Darmstadt 

Water, Ultrapure for molecular biology 

nuclease-free 

VWR International, Radnor, PA, USA 

 

2.1.4 Media and buffers 

Name  Composition 

Binding buffer phosphate-buffered saline (PBS) (pH 7.4) 

10 mM HEPES 

150 nM NaCl 

2.5 mM CaCl2 * 2H2O 

Blocking buffer PBS-Tween (PBS-T) 

1% bovine serum albumin 

PBS buffer 1 L distilled water (aqua dest.) 

9.55 g PBS 

PBS-EDTA buffer 1 L PBS 

1 mM ethylenediamine tetraacetic acid (EDTA) 

PBS-T buffer 1 L aqua dest. 

9.55 g PBS 

0.1% Tween 20 

RPMI complete medium 500 mL RPMI 1640 

10% fetal bovine serum 

1% Penicillin:Streptomycin solution 
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2.1.5 Primary antibodies 

Antigen Conjugate Species Clone Manufacturer Dilution 

CD123 PB mouse 6H6 BioLegend 1:50 

CD203c PE mouse NP4D6 BioLegend 1:100 

CD63 FITC mouse H5C6 BioLegend 1:100 

FcεRIα APC mouse AER-37 (CRA-1) BioLegend 1:50 

TRPA1 FITC rabbit polyclonal LSBio 1:20 

TRPA1 unconjugated rabbit polyclonal abcam 1:400 

TRPV1 PE rabbit polyclonal LSBio 1:20 

2D7 AF647 mouse Basophil/2D7 BioLegend 1:100 

 

2.1.6 Secondary antibodies  

Antigen Conjugate Species Clone Manufacturer Dilution 

anti-rabbit IgG AF488 goat polyclonal Invitrogen 1:2000 

 

2.1.7 Primers 

Gene Sequence 

GAPDH for: AGCCACATCGCTCAGACAC 

rev: GCCCAATACGACCAAATCC 

TRPA1 for: ACGATCATCAGGAGCAAAAGA 

rev: TCATGCATTCAGGGAGGTATT 
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2.1.8 Software 

Software Manufacturer/Provider 

BioRender Software Science Suite Inc., Toronto, Canada 

cellSense Dimension Desktop 3.2 EVIDENT Europe, Hamburg 

GraphPad Prism 9 GraphPad Software, San Diego, CA, USA 

Kaluza Analysis 2.1 Beckman Coulter, Brea, CA, USA 

LightCycler® 96 SW 1.1.0.1320 Roche Diagnostics, Basel, Switzerland 

Microsoft Office 2016 Microsoft Cooperation, Redmond, WA, 

USA 
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2.2 Methods 

2.2.1 Patient materials 

Informed written consent was obtained from all patients and donors prior to sample 

collection. Human peripheral blood samples and skin biopsies were collected with the 

approval of the ethics committee of the Carl von Ossietzky University Oldenburg, under 

the reference numbers 2021-025 and 2017-106, respectively, within the Department of 

Dermatology and Allergology at the University Clinic Oldenburg. The experiments were 

conducted in accordance with the principles outlined in the Declaration of Helsinki. All 

blood donors were required to be at least 18 years old and not pregnant. Participants were 

categorized into two groups: nonatopic (NA) donors and AD patients. NA donors did not 

have any atopic diseases, such as allergic rhinitis, allergic asthma, or chronic inflammatory 

skin diseases. AD patients had not received systemic immunosuppressive therapy, 

biological therapy, or other systemic therapies, including JAK-inhibitors or light therapy, in 

the two weeks prior to blood donation. Blood samples were collected in 9 mL S-Monovette® 

EDTA K3E tubes. Skin samples were obtained from NA donors and AD patients, specifically 

from lesional sites in the latter group. 

 

2.2.2 Isolation of human basophil granulocytes 

Human peripheral basophil granulocytes were isolated from whole blood by negative 

selection according to Gray et al. [14] using the EasySepTM Direct Human Basophil Isolation 

Kit. In brief, whole blood was transferred to a polystyrene round base tube, and per mL of 

blood, 25 µL of EasySepTM antibody cocktail and 25 µL of EasySepTM RapidSpheres were 

added. The antibodies bind to every present cell except basophil granulocytes, while the 

magnetic RapidSpheres adhere to the aforementioned antibodies. During the isolation, the 

tube containing blood is placed in a magnet, which pulls the magnetically labeled cells to 

the tube wall, while unlabeled basophil granulocytes are transferred into a new tube. After 

the addition of the RapidSpheres, the volume was adjusted to 12 mL with phosphate-

buffered saline-ethylenediamine tetraacetic acid buffer (PBS-EDTA, see Chapter 2.1.4). The 
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tube was placed in „The Big Easy“ EasySep™ Magnet, and the unlabeled basophil 

granulocytes were decanted into a new tube. This process was repeated three times to 

ensure the purity of basophil granulocytes and removal of all other cells. During each 

purification step, 12.5 µL/mL of EasySep™ RapidSpheres™ were added, while 20 µL of 

EasySep™ antibody cocktail were added only during the final step. Purified basophil 

granulocytes were pooled in a screw cap tube. 50 µL of isolated basophil granulocytes were 

stained with 1 µL of the basophil granulocyte markers APC anti-human FcεRIα Antibody 

and Pacific Blue™ anti-human CD123 Antibody (see Chapter 2.1.5), respectively. The purity 

of basophil granulocytes was confirmed by flow cytometry using the CytoFLEX S Flow 

Cytometer, with a required median purity of 97.2% to ensure reliable results. Afterwards, 

the sample was centrifuged using the 5810 R centrifuge for 7 min at 350 relative centrifugal 

force (rcf) at room temperature (RT), and the supernatant was removed with a 3 mL Pasteur-

Plast Makro Pipet. Flow cytometry data were analyzed using Kaluza Analysis 2.1. 

 

2.2.3 RNA analysis 

2.2.3.1 Basophil granulocyte pellets 

After basophil granulocyte isolation (see Chapter 2.2.2), a pellet of ≥ 3 x 105 basophil 

granulocytes from each donor was resuspended in 500 µL of PBS and transferred to a 1.5 mL 

reaction tube. The median purity of basophil granulocytes across all donors was 97.2%. The 

suspension was centrifuged using the 5424 R centrifuge for 8 min at 350 rcf at RT, followed 

by removal of the supernatant. To preserve the RNA for the subsequent isolation, basophil 

granulocytes were resuspended in 200 µL of RNAlater™. The resuspended basophil 

granulocyte pellet was stored at -80°C.  

 

2.2.3.2 RNA isolation 

Total RNA was isolated using the High Pure RNA Isolation Kit according to the 

manufacturer’s instructions, except for the centrifugation step, which was performed for 
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varying amounts of time, ranging from 30 s up to 2 min, in order to ensure that the filter 

was completely dry. Since the thawed basophil granulocytes were suspended in 200 µL of 

RNAlater™ Solution (see Chapter 2.2.3.1), resuspension with PBS was not necessary. In 

short, basophil granulocytes were lysed with 400 µL of Lysis/Binding Buffer while being 

shaken on the Vornado™ Mini Vortex Mixer for 15 s. A High Pure Filter Tube was placed 

into a Collection Tube and basophil granulocytes were transferred onto the filter. First, the 

supernatant was removed by centrifugation for 30 s at 8,000 rcf and at RT. Then, DNA was 

degraded by the addition of 90 µL of DNase I Incubation Buffer combined with 10 µL of 

DNase I for 15 min at RT. Afterwards, the sample was washed a total of three times: once 

with Wash Buffer I and once with Wash Buffer II for 30 s at 8,000 rcf at RT. The final wash 

step was performed with 200 µL of Wash Buffer II for 2 min at 13,000 rcf at RT. Thereafter, 

the High Pure Filter Tube was transferred into a PCR clean 1.5 mL reaction tube, and 50 µL 

of Elution Buffer were used to elute the RNA into the reaction tube by centrifugation for 

1 min at 8,000 rcf and at RT. 1.5 µL of RNA were used to determine the concentration using 

the BioSpectrometer® basic, and the remaining RNA was stored at -80°C. 

 

2.2.3.3 Reverse transcription 

To generate complementary DNA (cDNA), reverse transcription was performed with the 

Transcriptor First Strand cDNA Synthesis Kit according to the manufacturer’s instructions. 

The highest possible volume of RNA (11 µL) was added, as the isolated RNA was low in 

concentration. In essence, RNA, OR Random Hexamer Primer, Transcriptor Reverse 

Transcriptase Reaction Buffer, Protector RNase Inhibitor, Deoxynucleotide Mix, and 

Transcriptor Reverse Transcriptase were added to a PCR strip reaction tube according to 

Table 1. The reagents were mixed, the tube was closed with a cap strip, and placed in the 

SureCycler 8800 for reverse transcription according to the program outlined in Table 2. 

Following this process, the cDNA was transferred to a 1.5 mL reaction tube and stored 

at -20°C. 
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Table 1: Master mix for reverse transcription per sample 

Reagent Volume [µL] Final concentration 

RNA variable Up to 1 µg 

OR Random Hexamer Primer 2 60 µM 

Transcriptor Reverse Transcriptase Reaction 

Buffer 

4 8 mM MgCl2 

Protector RNase Inhibitor 0.5 20 U 

Deoxynucleotide Mix 2 1 mM 

Transcriptor Reverse Transcriptase 0.5 10 U 

Total 20  

 

Table 2: Reverse transcription program 

Stage Time Temperature 

Primer annealing 10 min 25°C 

DNA polymerization 30 min 55°C 

Enzyme deactivation 5 min 85°C 

Cooling ∞ 4°C 

 

2.2.3.4 Quantitative real-time PCR 

TRPA1 mRNA expression was analyzed by quantitative real-time PCR (qPCR) using the 

FastStart Essential Green Master reagent and the LightCycler® 96 platform. Forward and 

reverse intron-spanning primers for human TRPA1 and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (see Chapter 2.1.7) were utilized. The components for one 

reaction are listed in Table 3. Prior to analysis, the cDNA was diluted 1:10 with nuclease-

free PCR-grade H2O. Each sample was analyzed in duplicate to assess the expression of the 

TRPA1 channel. The expression was calculated in relation to the well-established 

housekeeping gene GAPDH [143]. Therefore, the sample was analyzed for both genes. 15 µL 

of the master mix for each target (TRPA1 and GAPDH, respectively), including all 
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components except the sample cDNA, were pipetted into a 480 Multiwell Plate 96. Then, 

5 µL of the diluted sample were added to each well, to a total of 20 µL. The negative control 

consisted of 5 µL of PCR-grade H2O. Additionally, to confirm that all genomic DNA was 

denatured, a no-RT control was performed: RNA that was not reverse transcribed was 

added to the master mix in the well, applying the same dilution factor. The 96-well plate 

was sealed with 480 Sealing Foil and centrifuged briefly at up to 1200 rcf to spin potential 

droplets to the bottom of the well. Afterwards, the plate was placed in the LightCycler® 96, 

and the qPCR program (Table 4) was started. The TRPA1 expression relative to GAPDH 

was calculated using the LightCycler® 96 SW 1.1.0.1320 program.  

 

Table 3: Master mix for qPCR. Components and amounts for a single reaction. The cDNA sample was diluted with PCR-

grade H2O 1:10. 

Component Amount 

FastStart Essential DNA Green Master (2x) 10 µL 

Forward primer  300 nM 

Reverse primer 300 nM 

PCR-grade H2O 5 µL – x µL forward and reverse primer 

Diluted cDNA sample 5 µL 

Total volume 20 µL 
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Table 4: qPCR program 

Stage Temperature [°C] Ramp [°C/s] Duration [s] Acquisition mode 

Pre-incubation 95 4.4 600 None 

3-step 

amplification 

(45 cycles) 

95 4.4 10 None 

56 2.2 10 None 

72 4.4 10 Single 

Melting 95 4.4 10 None 

65 2.2 60 None 

97 0.1 1 5 Readings/°C 

 

2.2.4 Flow cytometry analysis of TRP surface expression and total TRPA1 expression 

To stain for TRP surface expression, 50 µL of freshly isolated basophil granulocytes (see 

Chapter 2.2.2) were stained with 1 µL each of antibodies against the basophil granulocyte 

markers FcεRIα and CD123. Additionally, 2.5 µL of Polyclonal Rabbit anti‑Human TRPA1 

Antibody (FITC) were added. When staining for the co-expression of TRPA1 and TRPV1 

was performed, 2.5 µL of Polyclonal Rabbit anti‑Human TRPV1 Antibody (PE) were also 

used. Staining was performed for 10 min at RT in the dark. Afterwards, 200 µL of PBS were 

added, and the stained basophil granulocytes were analyzed for TRPA1 and TRPV1 surface 

expression using the CytoFLEX S flow cytometer.  

Total TRPA1 expression was analyzed by both intracellular and extracellular staining of 

basophil granulocytes. First, the extracellular staining for basophil granulocyte markers was 

performed. 5 x 104 basophil granulocytes were resuspended in 50 µL of PBS per condition 

and transferred into 1.5 mL reaction tubes. Staining was performed with 1 µL each of 

FcεRIα and CD123 by incubating for 10 min at RT in the dark, followed by centrifugation at 

350 rcf for 5 min at RT to remove the supernatant. Next, the staining for total intracellular 

and extracellular expression of TRPA1 was performed. For this, basophil granulocytes were 

fixated and permeated with the Cyto-Fast™ Fix/Perm Buffer Set according to the 

manufacturer’s instructions. In brief, basophil granulocytes were resuspended in 100 µL of 
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PBS and mixed with 150 µL of Fix/Perm Buffer, followed by incubation for 20 min at RT in 

the dark. 10X Perm Wash solution was diluted with aqua dest. 1:10, resulting in a 1X Perm 

Wash solution. 1 mL of the diluted Perm Wash solution was added to the reaction tubes, 

which were then centrifuged at 350 rcf for 5 min at RT. The supernatant was removed, and 

the wash step was repeated. Afterwards, basophil granulocytes were stained with 2.5 µL of 

anti-TRPA1 (see Chapter 2.1.5) per tube in 97.5 µL of Perm Wash solution for 20 min at RT 

in the dark. Basophil granulocytes were washed with 1 mL of 1X Perm Wash solution, 

followed by 1 mL PBS. Finally, basophil granulocytes were resuspended in 200 µL of PBS 

and analyzed by flow cytometry using the CytoFLEX S.  

 

2.2.5 Calcium flux assay 

The calcium flux assay was performed as previously described by Gray et al. [14]. In brief, 

isolated basophil granulocytes were resuspended in 500 µL of RPMI which does not contain 

phenol red per condition, pre-warmed to 37°C, and transferred to 1.5 mL reaction tubes. 

1.5 µL of Fluo-4 AM, a cell membrane-permeable fluorescent Ca2+-dye [144], were added to 

each reaction and incubated for 20 min at 37°C and 5% CO2. Afterwards, the supernatant 

and excess dye were removed by centrifugation for 3 min at 350 rcf at RT. Basophil 

granulocytes were resuspended in 450 µL of pre-warmed RPMI without phenol red. The 

stimulants were diluted in RPMI without phenol red to a total volume of 50 µL. For the 

negative control, 50 µL of RPMI without phenol red were added, while for the positive 

control, 500 nM of ionomycin were used. Ionomycin is an ionophore that preferentially 

binds calcium in a 1:1 ratio [145]. It transports cations across the cell membrane, thereby 

increasing the calcium concentration [145]. The TRPA1 agonist JT010 [105], which was 

dissolved in dimethyl sulfoxide (DMSO), was diluted in RPMI without phenol red in 

various concentrations (10, 100, 1000 nM). The reaction tube containing basophil 

granulocytes was placed in the CytoFLEX S for analysis. For one minute, calcium-induced 

fluorescence was measured until the baseline stabilized. At the 1 min mark, the stimulant 

was added to the reaction tube with a Gel-Loading Pipette Tip; the uptake of the flow 
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cytometer was increased to maximum for 2 s and then decreased back to medium. The 

measurement was continued for 4 min.  

 

2.2.6 Basophil granulocyte activation test 

To evaluate the ability of a stimulant to activate basophil granulocytes, a basophil 

granulocyte activation test (BAT) was conducted according to the method described by 

Gray et al. [14]. In short, at least 5 x 104 isolated basophil granulocytes per condition were 

resuspended in 90 µL of pre-warmed RPMI complete medium (see Chapter 2.1.4) and 

transferred to separate 1.5 mL reaction tubes. Basophil granulocytes were incubated for 

2 min at 37°C. Subsequently, 10 µL of the stimulants were added to the reaction tubes. As a 

negative control, 10 µL of RPMI complete medium were used. N-formyl-L-methionyl-L-

leucyl-L-phenylalanine (fMLP) and anti-human IgE (ε-chain specific) antibody (a-IgE) 

served as positive controls. Following concentrations of the TRPA1 agonist JT010 were 

tested: 10, 100, and 1000 nM. Basophil granulocytes were incubated for 30 min at 37°C and 

5% CO2 with the lid of each reaction tube tilted to ensure gas exchange. Afterwards, the 

tubes were placed on ice for 2 min to stop the reaction, followed by centrifugation for 7 min 

at 350 rcf at 4°C and removal of the supernatant. Basophil granulocytes were then 

resuspended in 46 µL of PBS and stained with 1 µL each of antibodies against FcεRIα, 

CD123, CD203c (PE), and CD63 (FITC) for 10 min at RT in the dark. Finally, 100 µL PBS 

were added, and basophil granulocytes were analyzed by flow cytometry.  

 

2.2.7 Stimulation of basophil granulocytes under inflammatory conditions 

Isolated human peripheral blood basophil granulocytes were stimulated with cytokines, 

neurotrophins, at different temperatures or in distinct pH media, respectively, to analyze 

the effects of these conditions on TRPA surface expression. For each condition, 5 x 104 

basophil granulocytes were used.  



Materials and methods    30 

 

 

For stimulation, isolated and purified human peripheral blood basophil granulocytes were 

resuspended in 475 µL of RPMI complete medium pre-warmed to 37°C and transferred into 

1.5 mL reaction tubes. 10 ng/mL of IL-3, IL-31, IL-33, TSLP, NGFβ, TNF-α, and 50 ng/mL of 

IL-13 or brain-derived neurotrophic factor (BDNF) were added to the respective reaction 

tubes. If necessary, RPMI complete medium was added to achieve a total volume of 500 µL.  

To assess the effect of pH on TRPA1 expression, basophil granulocytes were incubated with 

pH-neutral (7.0) RPMI complete medium as a control and acidified media with pH levels of 

6.5 and 5.0, also in total volumes of 500 µL. 

The impact of temperature on the upregulation of surface TRPA1 expression was evaluated 

by incubating basophil granulocytes at 37°C as a control and at 40°C to simulate the increase 

in temperature during inflammation. 

The stimulations were performed for 4 h at 37°C, if not mentioned otherwise, and 5% CO2. 

Afterwards, basophil granulocytes were centrifuged at 350 rcf for 7 min at RT. The 

supernatant was discarded, and basophil granulocytes were resuspended in 50 µL of PBS 

with antibodies. Basophil granulocytes were stained with 1 µL each of anti-FcεRIα and anti-

CD123, along with 2.5 µL of anti-TRPA1 and anti-TRPV1, respectively, for 10 min at RT in 

the dark. Then, 200 µL of PBS were added, and 8,000 events per sample were analyzed by 

flow cytometry using the CytoFLEX S.  

 

2.2.8 Apoptosis assay 

An apoptosis assay was performed to analyze whether the activation of the TRPA1 channel 

influences basophil granulocyte viability, as well as to test if JT010 has a cytotoxic effect. 

During the assay, basophil granulocytes are stained with annexin V and propidium iodide 

(PI) to differentiate viable from apoptotic and necrotic basophil granulocytes. Under normal 

conditions, phosphatidylserine residues are located on the inside of the cell membrane but 

are exposed during early apoptosis, enabling binding of annexin V [146]. PI binds to nucleic 

acids, which become accessible during cell death due to disrupted cell membrane integrity 

[147]. This allows for the differentiation of cell populations: viable cells are characterized as 
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annexin V-/PI-, apoptotic cells as annexin V+/PI-, late apoptotic cells as annexin V+/PI+, and 

necrotic cells as annexin V-/PI+ [148]. Isolated basophil granulocytes were resuspended in 

90 µL of RPMI complete medium, pre-warmed to 37°C, for each reaction, with 

approximately 1 x 105 basophil granulocytes per condition, and transferred to 1.5 mL 

reaction tubes for the apoptosis assay with the Annexin V-FITC Kit. 10 µL of the respective 

stimulants were added to the reaction. RPMI complete medium was used as a negative 

control, while staurosporine acted as a positive control. The TRPA1 agonist JT010 was 

added at concentrations of 10, 100, or 1,000 nM. Basophil granulocytes were incubated for 4 

or 24 h at 37°C and 5% CO2. To ensure gas exchange, the lids of the reaction tubes were 

tilted. Afterwards, the tubes were placed on ice for 2 min to halt the reaction, followed by 

centrifugation at 350 rcf for 7 min at 4°C. The supernatant was removed, and basophil 

granulocytes were resuspended in 500 µL of cold PBS. Centrifugation was repeated, and the 

supernatant was discarded again. Basophil granulocytes were stained with 0.5 µL of 

annexin V and 2.5 µL of PI in 47 µL of PBS per reaction for 15 min on ice in the dark. 

Afterwards, 200 µL of ice-cold binding buffer (see Chapter 2.1.4) were added, and basophil 

granulocytes were analyzed by flow cytometry using the CytoFLEX S within 30 min.  

 

2.2.9 Immunofluorescence analysis 

2.2.9.1 Embedding skin biopsies 

Skin samples were collected from NA donors and patients with AD at the Department of 

Dermatology and Allergology at the University Clinic Oldenburg. For AD patients, samples 

were taken from lesional sites. In general, each skin sample of NA or AD measured 2-4 mm 

in size, was wrapped in a sterile swab soaked in saline, and then placed in a container. To 

prevent autolysis, samples were embedded within 30 min of collection. A specimen disc 

was positioned on the -20°C cooled Peltier element of the Cryostat CM1950, oriented with 

its groove at 12 o’clock. The skin tissue was placed onto the specimen disc and covered with 

Cryo-Gel® embedding medium, ensuring that the gel filled every groove of the disc. The 

sample was oriented with the epidermis facing either 3 or 9 o’clock on the disc. Additional 
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embedding medium was applied to the tissue and smoothed with a finger to ensure 

complete coverage. Once the gel solidified, indicated by the change to a white color, the 

embedded skin samples were stored at -80°C.  

 

2.2.9.2 Cryo-sectioning skin biopsies 

To preserve the tissue structure, cryo-sectioning was used. The specimen disc containing 

the frozen tissue was secured in the cryostat. Excess embedding medium on top was 

removed using the razor blade of the cryostat until the tissue became visible. Then, a cut of 

6 µm thickness was made, and a Superior™ HistoBond™ Adhesive Microscope Slide at RT 

was placed onto it. Due to the temperature difference, the sliced tissue transfers onto the 

slide [149]. The slides were subsequently frozen at -80°C.  

 

2.2.9.3 Immunofluorescence staining 

Frozen skin sections from patients with AD or NA donors (see Chapter 2.2.9.2) were placed 

in the fume hood to thaw. Afterwards, they were transferred to a staining trough acc. to 

Hellendahl, which was filled with -20°C cold methanol and incubated for 10 min at -20°C. 

The slides were then air-dried in the fume hood. Subsequently, the tissue areas were circled 

with a hydrophobic Dako Pen. To wash the slides, they were placed in a ROTILABO® 

staining trough filled with PBS-Tween (PBS-T, see Chapter 2.1.4) and agitated on the 3D-

Rocker for 5 min at 40 revolutions per minute at RT. Afterwards, the samples were patted 

dry on paper tissue, and the hydrophobic borders were renewed if necessary. The slides 

were positioned in the StainTray™ staining chamber, the floor of which was covered with 

aqua dest. 50 µL of blocking buffer (see Chapter 2.1.4) were pipetted onto each circled 

sample, followed by incubation for 30 min at RT in the dark. The slides were then patted 

dry on paper tissue, and the washing steps with PBS-T were repeated. Staining was 

performed in the chamber using the appropriate dilutions (see Chapters 2.1.5 and 2.1.6). The 

samples were incubated overnight at 4°C in the dark with 25 µL of the primary antibody 

against TRPA1 (unconjugated). Afterwards, the slides were washed four times with PBS-T 
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in the dark. The samples were then stained with 25 µL of the secondary antibody anti-rabbit 

Alexa Fluor 488 for 1 h at RT in the dark, followed by washing with PBS-T four times. 25 µL 

of anti-2D7 Alexa Fluor 647 were added, and incubation was repeated. Subsequently, the 

slides were washed four times with PBS-T and twice with PBS (see Chapter 2.1.4). 

Afterwards, 20 µL of ROTI®Mount FluorCare DAPI were pipetted onto the samples, 

ensuring that no bubbles were present, and a cover slip was placed on top. To prevent the 

mounting medium from drying out, a gel sealant was applied to seal the edges of the cover 

slip. Once dried, the slides were stored at 4°C. The negative control was treated similarly, 

but blocking buffer was added instead of antibody solution. For the secondary antibody 

control, blocking buffer replaced both the primary antibody and basophil granulocyte 

marker antibody. Analysis was performed with the Olympus BX63F microscope equipped 

with the Olympus DP80 camera, and images were edited using the cellSense Dimension 

Desktop 3.2 software.  

 

2.2.10 Statistical analysis 

All data were presented as mean ± standard error of the mean (SEM). If data were normally 

distributed, a Student’s t-test was performed to compare two groups. Results among three 

or more groups were assessed with one-way ANOVA followed by Dunnett’s post-hoc test. 

For analyzing two factors, a two-way ANOVA mixed-effects analysis followed by Šídák’s 

post-hoc test was performed. The calculated p-values are listed in the Supplementary Tables 

S1-S26. Flow cytometry analysis was reported as mean fluorescence intensity (MFI) or as a 

percentage of positive cells. Kaluza Analysis 2.1 was used for fluorescence analysis. All 

statistical significance levels were evaluated and illustrated using GraphPad Prism 9, with 

the alpha level set at p < 0.05.  
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3 Results 

3.1 TRPA1 expression in basophil granulocytes 

3.1.1 TRPA1 is expressed in human peripheral blood basophil granulocytes 

To see if human peripheral blood basophil granulocytes express the TRPA1 channel, 

different approaches were utilized, including flow cytometry and RNA analysis. For this, 

human basophil granulocytes of NA donors were isolated from peripheral blood by 

negative selection, as described by Gray et al. [14]. Isolated basophil granulocytes had a 

median purity of 97.2% (Figure 6A), confirmed by flow cytometry with the use of antibodies 

against the basophil granulocyte markers CD123 and FcεRIα. Next, the specificity of the 

TRPA1 antibody was validated using an isotype control (Figure 6B), since both antibodies 

have distinct peaks, making it well-suited for continued use. TRPA1 expression was first 

analyzed on the mRNA level. Total RNA was isolated from the purified basophil 

granulocytes, reverse-transcribed into cDNA, and analyzed for TRPA1 mRNA expression 

as outlined in Chapter 2.2.3. The results showed that basophil granulocytes of NA donors 

contained TRPA1 mRNA (Figure 6C). As mRNA expression was confirmed, the question 

arose whether basophil granulocytes produced the TRPA1 protein as well. Therefore, the 

surface expression was analyzed. The flow cytometry analysis was evaluated as MFI (Figure 

6D) and percentage of positive basophil granulocytes (Figure 6E). The analysis confirmed 

the surface expression of TRPA1 protein on 69.37 ± 5.56% of basophil granulocytes. This 

finding demonstrates that basophil granulocytes express TRPA1 on both the mRNA and 

protein level.  
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Figure 6: TRPA1 expression in human basophil granulocytes. Human basophil granulocytes of nonatopic donors (NA) 

were isolated and analyzed for TRPA1 expression by flow cytometry and quantitative real-time PCR (qPCR). A: Percentage 

of purified basophil granulocytes. B: One representative histogram out of n=3 of isotype control and TRPA1 stained 

basophil granulocytes. C: TRPA1 mRNA expression analyzed by qPCR (n=4). D: TRPA1 surface protein expression (n=8) 

illustrated as mean fluorescence intensity (MFI). E: Percentage of basophil granulocytes from NA donors (n=8) expressing 

TRPA1. Data are presented as mean ± SEM. 

 

3.1.2 TRPA1 expression is increased in basophil granulocytes of AD patients 

After analyzing TRPA1 in NA donors, the channel’s expression in AD patients was 

investigated, as TRPA1 is known to be present and upregulated in the neurons and skin of 

patients with AD [92, 98]. For this, analysis of mRNA with qPCR and detection of protein 

expression with flow cytometry analysis were performed on isolated peripheral blood 

basophil granulocytes. The mRNA analysis revealed that TRPA1 mRNA was significantly 

increased in basophil granulocytes of patients with AD compared to NA donors (p=0.0347) 
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(Figure 7A, Supplementary Table 1). This finding is in accordance with the results of 

Nattkemper et al. [92], where TRPA1 was significantly overexpressed in the skin of AD 

patients compared to the healthy controls. Subsequently, the surface protein expression was 

determined, which showed two distinct peaks in the MFI (Figure 7B), indicating a higher 

expression in peripheral blood basophil granulocytes of AD patients compared to NA 

controls. The difference in surface protein expression was significantly increased in basophil  

 

 

Figure 7: Basophil granulocyte TRPA1 mRNA and surface protein expression in nonatopic (NA) donors and patients 

with atopic dermatitis (AD). A: qPCR analysis for the detection of TRPA1 mRNA of basophil granulocytes from NA 

donors (n=4) and AD patients (n=6). B: One representative histogram out of n=3 showing the mean fluorescence intensity 

(MFI) of isotype control (Iso) and TRPA1 stained basophil granulocytes of NA donors and AD patients. C: TRPA1 surface 

expression in NA donors (n=8) and patients with AD (n=7) illustrated in MFI. D: Percentage of basophil granulocytes 

expressing TRPA1 on the surface in NA donors (n=8) and patients with AD (n=7). Statistical analysis was performed using 

an unpaired Student’s t-test. A p-value < 0.05 was considered significant. * < 0.05, ** < 0.01. Data are presented as mean ± 

SEM. 
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granulocytes of AD patients compared to basophil granulocytes of NA controls as 

determined by the MFI (p=0.0073) (Figure 7C, Supplementary Table 2). However, the 

percentage of TRPA1-positive basophil granulocytes was not significantly altered (Figure 

7D, Supplementary Table 3). Together, these data demonstrate that TRPA1 is expressed in 

basophil granulocytes of AD patients at significantly higher levels compared to NA donors. 

 

3.1.3 Functionally active TRPA1 channel in human basophil granulocytes 

After confirming the presence of the TRPA1 channel on human basophil granulocytes, the 

next step was to analyze the functionality of the channel through measurement of 

intracellular calcium flux. Isolated human peripheral blood basophil granulocytes of NA 

donors were stimulated with ionomycin (500 nM), an ionophore serving as a positive 

control due to its ability to facilitate ion transport across membranes [150], and the TRPA1 

agonist JT010 (10, 100, 1000 nM) [105] (Figure 8). The relative cytosolic calcium level [F] was 

normalized to the baseline calcium level at 40 s [F0]. To quantify the increase in intracellular 

calcium, the relative cytosolic calcium level at 50 to 60 s was subtracted from the calcium 

level at 240 to 250 s, indicated by the grey dotted rectangles in Figure 8B and D. The addition 

of ionomycin induced a rapid increase in intracellular calcium levels of human basophil 

granulocytes (Figure 8A, B, and C), confirming the effectiveness of the assay. To assess the 

functionality of the TRPA1 channel, various concentrations of JT010 were applied, resulting 

in a gradual increase in calcium levels over time (Figure 8A, D, and E). The response to the 

agonist occurred in a dose-dependent manner, with statistically significant effects observed 

at the middle (p=0.0128) and highest concentrations (p=0.0003) (Supplementary Table 4). 

These results demonstrate that the TRPA1 channel on human peripheral blood basophil 

granulocytes is functional and responds to stimulation in a dose-dependent manner. 
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Figure 8: Calcium flux analysis after TRPA1 activation. Isolated basophil granulocytes from NA donors were labeled 

with Fluo-4 AM (3 µM). After baseline stabilization, RPMI complete medium (Co), ionomycin (500 nM), or TRPA1 agonist 

JT010 (10, 100, or 1,000 nM) was added at 60 s (arrow). Relative cytosolic calcium levels were analyzed for 5 min by flow 

cytometry (n=4 different experiments). To account for baseline variations, the relative cytosolic calcium level [F] was 

normalized to the baseline calcium level at 40 s [F0] and expressed as the ratio [F/F0]. A: One representative dot plot out of 

n=4 different experiments of intracellular calcium levels after basophil granulocyte stimulation. B: One representative 

graph out of n=4 of the normalized changes in cytosolic calcium levels of human NA basophil granulocytes [F/F0] after 

ionomycin application, which served as a positive control. C: The relative cytosolic calcium increase was calculated as the 

difference between calcium levels after (250 s, right dotted rectangle in B) and before (60 s, left dotted rectangle in B) the 

application of ionomycin. D: One representative graph out of n=4 of normalized intracellular calcium concentration [F/F0] 

after TRPA1 activation with JT010. E: Changes in relative cytosolic calcium after TRPA1 activation with different 

concentrations of JT010. The relative cytosolic calcium increase was calculated as the difference between calcium levels 

after (250 s, right dotted rectangle in D) and before (60 s, left dotted rectangle in D) the application of the stimulant. 

Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post-hoc test. A p-value < 0.05 was 

considered significant. * < 0.05, *** < 0.001. Data are presented as mean ± SEM.  

 

3.1.4 TRPA1 activation did not modulate CD63 and CD203c surface expression 

After confirming the functionality of the TRPA1 channel with calcium flux, the next step 

was to determine the effect of its activation on basophil granulocyte degranulation and 

activation. To this end, a BAT was performed, which assesses the externalization of CD63, 

a marker associated with histamine release, and upregulation of CD203c upon activation of 

basophil granulocytes [16]. In this process, basophil granulocytes were stimulated for 

30 min using fMLP or a-IgE, which served as positive controls for basophil granulocyte 

activation. To activate the TRPA1 channel, its agonist JT010 was added in various 

concentrations (10, 100, 1,000 nM) to the culture medium with isolated human peripheral 

blood basophil granulocytes. The results showed that the addition of anti-IgE resulted in 

significantly increased CD63 externalization and CD203c upregulation (p=<0.001 in both 

cases), while fMLP only caused a significant change in CD203c upregulation (p=<0.001) 

(Figure 9, Supplementary Table 5, Supplementary Table 6). Stimulation with JT010 had no 

impact on the presence of the basophil granulocyte activation markers CD63 and CD203c 

compared to the control. These results suggest that the activation of the TRPA1 channel does 

not directly affect the surface externalization of CD63 and CD203c, assuming that TRPA1 
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does not drive the release of histamine since CD63 surface expression has been shown to 

correlate with histamine release [151].  

 

 

Figure 9: Effect of TRPA1 activation on CD63 externalization and CD203c upregulation in human peripheral blood 

basophil granulocytes. Basophil granulocytes from NA donors were stimulated with N-formyl-methionyl-leucyl-

phenylalanine (fMLP, 1 µM), anti-IgE (a-IgE, 1 µg/mL), or TRPA1-specific agonist JT010 (10, 100, 1000 nM) for 30 min at 

37°C and 5% CO2. RPMI complete medium (Co) was used as a control. A: CD63 externalization after stimulation. One 

representative histogram out of n=4 of CD63 externalization (right). B: Upregulation of CD203c after incubation. One 

representative histogram out of n=4 of CD203c upregulation (right). One-way ANOVA followed by Dunnett’s post-hoc 

test was performed to assess statistical significance. A p-value < 0.05 was considered significant. *** < 0.001. Data are 

presented as mean ± SEM. 
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3.1.5 TRPA1 protein expression on basophil granulocytes is modulated by cytokines and 

growth factors 

In the next step, specific cytokines of itch were investigated for their potential to modify 

TRPA1 regulation. As AD is characterized by itch and IL-31, a well-known pruritogen, 

which is increased in the peripheral blood of AD patients and has been observed to correlate 

with disease severity [139], the effect of IL-31 on TRPA1 expression in basophil granulocytes 

was assessed (Figure 10). For this, human peripheral blood basophil granulocytes from NA 

donors were stimulated with IL-31 as described in Chapter 2.2.7. Total RNA was isolated 

and analyzed by qPCR, which revealed significantly increased TRPA1 mRNA expression in 

basophil granulocytes treated with IL-31 (p=0.0147) (Figure 10A, Supplementary Table 7). 

The total protein expression of TRPA1 assessing both the surface and intracellular levels in 

basophil granulocytes was then evaluated, which also revealed a significant increase of 

TRPA1 expression in basophil granulocytes stimulated with IL-31 compared to those 

stimulated with RPMI complete medium, which was used as the control (p=0.0329) (Figure 

10B, D, Supplementary Table 8). All intra- and extracellularly stained basophil granulocytes 

expressed TRPA1 (Figure 10C, Supplementary Table 9), while only 69.37 ± 5.56% of basophil 

granulocytes expressed TRPA1 when stained on the surface (Figure 7D). A similar effect 

was discovered by Limberg et al. [127] regarding TRPV1 expression in basophil 

granulocytes. One possible explanation for this difference might be the different time points 

of analysis. While basophil granulocytes in Figure 7 were analyzed directly after isolation, 

basophil granulocytes in Figure 10 were first stimulated for 4 hours, resulting in a difference 

in TRPA1 expression. Alternatively, TRP channels may be expressed intracellularly, which 

are then detectable due to the permeation process. The intracellular expression of TRPA1 

has already been confirmed in murine endolysosomes of DRG neurons [113], but still needs 

further investigation in humans. Moreover, extracellular staining of basophil granulocytes 

stimulated with RPMI complete medium and IL-31 should be performed in the future to 

directly compare the surface staining to the intra- and extracellular TRPA1 staining. These 

findings collectively indicate that IL-31 can modulate TRPA1 expression in basophil 

granulocytes. 
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Figure 10: TRPA1 protein expression after stimulation with IL-31. Isolated human peripheral blood basophil 

granulocytes from nonatopic (NA) donors were stimulated with RPMI complete medium (Co) and interleukin (IL)-31 (10 

ng/mL) for 4 hours at 37°C and 5% CO2. A: Quantitative real-time PCR analysis of TRPA1 mRNA expression (n=4). B: 

Analysis of total TRPA1 protein expression after IL-31 stimulation (n=5). The expression is shown as mean fluorescence 

intensity (MFI). C: Percentage of total expression including intra- and extracellular levels of TRPA1 in basophil 

granulocytes after stimulation (n=5). D: One representative histogram out of n=5 showing MFI of TRPA1 expression in 

basophil granulocyte populations treated with RPMI complete medium or IL-31. Statistical analysis was performed using 

a paired Student’s t-test. A p-value < 0.05 was considered significant. * < 0.05. Data are presented as mean ± SEM.  

 

Given that IL-31 influences TRPA1 surface expression and that AD is characterized by a Th2 

cytokine profile, the effects of Th2 cytokines, neurotrophins, and the basophil-priming 

cytokine IL-3 on TRPA1 expression in basophil granulocytes were analyzed (Figure 11). 

Basophil granulocytes from NA donors were stimulated with IL-3, IL-13, IL-31, IL-33, TSLP, 

NGFβ, BDNF, and TNF-α as described in Chapter 2.2.7. The aim was to mimic the 

inflammatory microenvironment of AD to determine which cytokines or growth factors 
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induce TRPA1 upregulation. Incubation with IL-3 resulted in significantly increased TRPA1 

surface expression in isolated blood basophil granulocytes (p=<0.0001 in both cases) (Figure 

11A, Supplementary Table 10, Figure 11B, Supplementary Table 11). While the percentage 

of TRPA1-positive basophil granulocytes did not increase after stimulation with NGFβ, the 

MFI increased significantly (p=0.0061) (Figure 11A), indicating that the density of TRPA1 

channels per basophil granulocyte was elevated. Expression after stimulation with IL-33  

 

 

Figure 11: TRPA1 surface protein expression after stimulation with inflammatory mediators. TRPA1 surface expression 

on human basophil granulocytes from nonatopic donors was analyzed by flow cytometry after 4 hours stimulation at 37°C 

and 5% CO2. Stimulation was performed with RPMI complete medium (Co), interleukin (IL)-3, IL-31, IL-33, thymic stromal 

lymphopoietin (TSLP), nerve growth factor-beta (NGFβ), tumor necrosis factor alpha (TNF-α) (10 ng/mL), IL-13, and 

brain-derived neurotrophic factor (BDNF) (50 ng/mL) (n=3). A: Surface expression of TRPA1 after stimulation is shown as 

mean fluorescence intensity (MFI). B: Percentage of positive basophil granulocytes expressing TRPA1 on the surface. 

Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post-hoc test. A p-value < 0.05 was 

considered significant. ** < 0.01, *** < 0.001. Data are presented as mean ± SEM.  
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was also enhanced, albeit not significantly. These results demonstrate that TRPA1 surface 

expression can be modulated by the priming factor IL-3 and the neurotrophin NGFβ. 

 

3.1.6 TRPA1 expression of basophil granulocytes is modulated by pH 

During inflammation, the pH is altered due to the production of lactate, creating an acidic 

environment [152], and the temperature is increased by 4-5°C [153]. As AD is an 

inflammatory disease, these aspects are important to consider. Although the pH of skin 

tissue during AD has not been directly investigated, it is plausible that the pH becomes 

acidified due to the inflammatory nature of the disease. Therefore, basophil granulocytes 

were incubated in media with lower pH (Figure 12A) and with increased temperature 

(Figure 12B) as described in Chapter 2.2.7. The lowered pH resulted in a significantly 

elevated TRPA1 expression at pH 5 (left panel: p=0.0011, right panel: p=0.0129) 

(Supplementary Table 12, Supplementary Table 13, respectively), which is consistent with 

the previous study by Wang et al. [154], showing that TRPA1 activation is dependent on pH, 

with pH in the range of 5.0 to 5.5 leading to activation. In contrast, increased temperature 

resulted in significantly less TRPA1 surface expression not in the MFI but when measured 

as a percentage of positive basophils (B: right panel p=0.0263) (Supplementary Table 14, 

Supplementary Table 15). While TRPA1 is known to be activated at temperatures less than 

18°C in rats and mice, this does not apply to humans [108]. Nevertheless, it is possible that 

the expression of TRPA1 decreases with increasing temperature, as observed here. These 

findings suggest that the acidic microenvironment of AD may promote TRPA1 expression 

and, by extension, itch, while elevated temperature may decrease TRPA1 expression on 

basophil granulocytes. 
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Figure 12: TRPA1 expression after incubation in acidic medium or at increased temperature. A: Expression of TRPA1 

shown as mean fluorescence intensity (MFI) and the percentage of positive basophil granulocytes after stimulation with 

acidified RPMI complete medium (6.5, 5.0) for 4 hours at 37°C and 5% CO2 (n=4) compared to neutral RPMI complete 

medium (Co, pH 7.0). B: TRPA1 expression after incubation at 37°C or 40°C for 4 hours at 5% CO2 (n=3). The results are 

shown as MFI and the percentage of positive basophil granulocytes. Statistical analysis was performed using a one-way 

ANOVA followed by Dunnett’s post-hoc test (A) or a paired Student’s t-test (B). A p-value < 0.05 was considered 

significant. * < 0.05, ** < 0.01. Data are presented as mean ± SEM. 

 

3.1.7 TRPA1 activation has no effect on basophil granulocyte viability 

The next step was to investigate whether the activation of TRPA1 affects the viability of 

human peripheral blood basophil granulocytes. An apoptosis assay was performed 

according to Chapter 2.2.8. Basophil granulocytes were stained with annexin V and PI. 

Isolated human peripheral blood basophil granulocytes from NA donors and AD patients 
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were stimulated with 1 µM staurosporine or 10, 100, or 1000 nM JT010. Staurosporine, a 

strong inducer of apoptosis [155], was used as a positive control, while JT010 was used to 

activate the TRPA1 channel. Basophil granulocytes from NA donors were incubated for 

4 hours (Figure 13) and 24 hours (Figure 14). Stimulation with staurosporine showed a 

significantly decreased percentage of viable basophil granulocytes at both time points (4 h: 

p=0.0203, 24 h: p=0.0006) (Supplementary Table 16, Supplementary Table 18, respectively). 

Correspondingly, the percentage of apoptotic basophil granulocytes increased in both cases 

(Figure 13C, Supplementary Table 17, Figure 14C, Supplementary Table 19). In contrast, the 

addition of JT010 did not significantly affect human basophil granulocyte viability, 

regardless of the stimulation duration (Figure 13 and Figure 14). Basophil granulocytes from 

AD patients were incubated for 24 h (Figure 15, Supplementary Table 21), showing similar 

results to basophil granulocytes from NA donors. Staurosporine caused a significant 

decrease in basophil granulocyte viability (p=0.0003) (Supplementary Table 20), 

demonstrating a stronger apoptotic effect than in basophil granulocytes from NA donors. 

JT010, however, did not affect basophil granulocyte viability (Figure 15B). Interestingly, 

human peripheral blood basophil granulocytes of AD patients had a lower rate of annexin 

V+/PI+ basophil granulocytes compared to NA donors after 24 hours stimulation, indicating 

a longer life span per se as already described for other granulocytes such as eosinophils in 

AD [156]. These findings suggest that the activation of TRPA1 neither promotes nor inhibits 

human peripheral blood basophil granulocyte viability and that the agonist itself has no 

cytotoxic effect.  
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Figure 13: Viability assay of basophil granulocytes from nonatopic (NA) donors after 4 hours. Basophil granulocytes 

from NA donors were treated with RPMI complete medium (Co), staurosporine (Stauro, positive control, 1 µM), and JT010 

(10, 100, 1000 µM) for 4 hours at 37°C and 5% CO2. Afterwards, basophil granulocyte viability was analyzed by staining 

with annexin V and propidium iodide (PI). Flow cytometry was performed to determine the viability. A: Exemplary dot 

plots out of n=3 of basophil granulocytes after stimulation. Viable basophil granulocytes are shown in the bottom left 

quadrant, while apoptotic and late apoptotic basophil granulocytes are in the bottom right and top right quadrants, 

respectively. Necrotic basophil granulocytes are in the top left quadrant. B: Percentage of viable basophil granulocytes 

after apoptosis assay (n=3). C: Amount of apoptotic and late apoptotic basophil granulocytes combined (n=3). Statistical 
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analysis was performed using a one-way ANOVA followed by Dunnett’s post-hoc test. A p-value < 0.05 was considered 

significant. * < 0.05. Data are presented as mean ± SEM. 

 

 

Figure 14: Viability assay of basophil granulocytes from nonatopic (NA) donors after 24 hours. Human basophil 

granulocytes of NA donors (n=4) were incubated for 24 hours at 37°C and 5% CO2 with RPMI complete medium (Co), 

staurosporine (Stauro, positive control, 1 µM), or TRPA1 agonist JT010 (10, 100, 1000 nM). A: Representative dot plots out 

of 4 showing the various phases of apoptosis in basophil granulocytes after stimulation with RPMI complete medium, 

staurosporine, and increasing concentrations of JT010. Staining was performed with annexin V and propidium iodide (PI). 
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Viable basophil granulocytes are located in the bottom left quadrant, while apoptotic and late apoptotic basophil 

granulocytes are in the bottom right and top right quadrants, respectively. Necrotic basophil granulocytes are shown in 

the top left quadrant. B: Percentage of viable basophil granulocytes from NA donors. C: Percentage of apoptotic and late 

apoptotic basophil granulocytes combined. Statistical analysis was performed using a one-way ANOVA followed by 

Dunnett’s post-hoc test. A p-value < 0.05 was considered significant. *** < 0.001. Data are presented as mean ± SEM.  

 

 

Figure 15: Apoptosis assay with basophil granulocytes of patients with atopic dermatitis (AD). An apoptosis assay was 

performed with basophil granulocytes isolated from AD patients (n=3) after 24 hours incubation at 37°C and 5% CO2 with 
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RPMI complete medium (Co), staurosporine (Stauro, positive control, 1 µM), or TRPA1 agonist JT010 (10, 100, 1000 nM). 

A: Representative dot plots out of 3 of viable (bottom left quadrant), apoptotic (bottom right quadrant), late apoptotic (top 

right quadrant), and necrotic basophil granulocytes (top left quadrant) after incubation. Basophil granulocytes stained 

with annexin V and propidium iodide (PI) were used to assess basophil granulocyte viability. B: Percentage of basophil 

granulocyte viability from patients with AD. C: Combined percentage of apoptotic and late apoptotic basophil 

granulocytes. Statistical analysis was performed using a one-way ANOVA followed by Dunnett’s post-hoc test. A p-value 

< 0.05 was considered significant. *** < 0.001. Data are presented as mean ± SEM. 

 

3.1.8 TRPA1-positive basophil granulocytes in the skin of AD patients 

After analyzing the TRPA1 channel’s properties, the last step was to visualize the TRPA1-

positive basophil granulocytes in the skin. Therefore, immunofluorescence imaging was 

performed on cryo-sectioned skin samples stained with DAPI to visualize the nucleus, anti-

2D7 to identify basophil granulocytes, and anti-TRPA1 (see Chapter 2.2.9). In the skin of 

patients with AD, TRPA1-positive basophil granulocytes were detected in the dermis 

(Figure 16). Colocalization of 2D7 and TRPA1 was indicated by yellow fluorescence. As a 

control, the skin samples from nonatopic donors were treated equally. In these samples, no 

basophil granulocytes were visible (Figure 17), which is consistent with the known absence 

of basophil granulocytes in non-inflamed skin [7, 16]. 
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Figure 16: Expression of TRPA1 in human basophil granulocytes in atopic dermatitis (AD) skin. One representative 

example out of n=3 different stainings from skin samples of patients with AD. The samples were stained with DAPI (blue), 

anti-2D7 (basophil granulocyte marker, red), and anti-TRPA1 (green). Colocalization of TRPA1 and 2D7 is shown in 

yellow. The epidermis is located above the white dotted line. Basophil granulocytes expressing both 2D7 and TRPA1 are 

indicated with arrows. Images were acquired using fluorescence microscopy at 40x magnification. Top: Overview image 

of the stained skin section from AD. Magnification: View of the region containing TRPA1-positive basophil granulocytes 

(white dashed box at the top).  
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Figure 17: TRPA1 expression in basophil granulocytes in the skin of nonatopic (NA) donors. Representative skin section 

out of 3 different NA donors was stained with DAPI (blue), anti-2D7 (basophil granulocyte marker, red), and anti-TRPA1 

(green). The epidermis and dermis are separated by the white dotted line. The skin sections were analyzed with 

fluorescence microscopy at 40x magnification. Top: Exemplary overview image of a stained skin section from an NA 

donor. Bottom: Magnification of the selected area (white dashed box in the top panel) shown in separate channels. 
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3.2 TRPA1/TRPV1 co-expression in basophil granulocytes 

3.2.1 Human basophil granulocytes co-express TRPA1 and TRPV1 

In sensory neurons, TRPA1 expression is often accompanied by TRPV1, with 97% of TRPA1-

positive neurons also expressing TRPV1 [94]. Conversely, only 30% of TRPV1-positive 

neurons express TRPA1 [94]. Given that basophil granulocytes express TRPA1, as shown 

above, and TRPV1, as demonstrated in a previous study by Limberg et al. [127], the co-

expression of both TRP channels is highly probable. 

Therefore, the simultaneous expression of TRPA1 and TRPV1 was investigated in human 

peripheral basophil granulocytes of NA and AD patients, initially focusing on the presence 

of protein on the cell surface after isolation. First, the specificity of the TRPV1 antibody was 

confirmed using an isotype control (Figure 18A). Subsequently, the presence of TRPA1 and 

TRPV1 on the basophil granulocyte surface was analyzed. Approximately 50% of isolated 

basophil granulocytes expressed both TRP channels on the surface, while the majority of the 

remaining basophil granulocytes were only positive for TRPA1 in approximately 40% 

(Figure 18B). These results demonstrated the co-expression of TRPA1 and TRPV1 

(TRPA1/TRPV1) on human basophil granulocytes for the first time. Thus, the expression 

patterns of TRPA1 and TRPV1 were compared in NA and AD patients (Figure 18C, 

Supplementary Table 22). The analysis revealed a slight increase in TRPA1/TRPV1 co-

expression in patients with AD, which was not statistically significantly different. In 

conclusion, the co-expression of TRPA1/TRPV1 in human peripheral blood basophil 

granulocytes was confirmed. 
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Figure 18: Co-expression of TRPA1 and TRPV1 (TRPA1/TRPV1) on basophil granulocytes. Human peripheral basophil 

granulocytes of nonatopic (NA) donors were purified, stained with anti-TRPA1 and anti-TRPV1 antibodies, and analyzed 

by flow cytometry. A: One representative histogram out of n=4 of isotype (Iso) control for anti-TRPV1 antibody. B: Flow 

cytometry analysis of TRPA1/TRPV1 surface co-expression. C: Percentage of basophil granulocytes co-expressing 

TRPA1/TRPV1 from atopic dermatitis (AD) patients (n=8) and NA donors (n=20). Statistical analysis was performed using 

an unpaired Student’s t-test. Data are presented as mean ± SEM. 

 

To further differentiate the exact composition of TRPA1 and TRPV1 channels on the surface 

of basophil granulocytes, the proportions of basophil granulocytes expressing one, both, or 

neither TRP channel were analyzed in NA donors (Figure 19A, B) and AD patients (Figure 

19A, C). In NA donors, 22.1 ± 3.76% of basophil granulocytes expressed only TRPA1, while 

4.94 ± 1.44% were positive for only TRPV1. Co-expression of both channels was observed in 

52.99 ± 3.26% of all basophil granulocytes, and 19.97 ± 1.54% expressed neither channel 

(Figure 19A). In patients with AD, a similar trend was observed; the proportion of basophil 

granulocytes co-expressing both channels was 60.2 ± 7.62%, while the percentages of 
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basophil granulocytes expressing only TRPA1 (18.66 ± 7.47%) or neither channel 

(15.92 ± 2.67%) were decreased (Figure 19A, Supplementary Table 23). Taken together, the 

TRP channel expression patterns in NA donors and AD patients were similar. 

 

 

Figure 19: TRP channel distribution in basophil granulocytes of nonatopic (NA) donors and atopic dermatitis (AD) 

patients. Analysis of basophil granulocytes from NA donors (n=20) and patients with AD (n=8) expressing TRPA1, TRPV1, 

both channels (TRPA1/TRPV1), or neither channel (double neg). A: Percentage of basophil granulocytes expressing TRP 

channels. B: One representative dot plot out of n=20 showing TRP channel expression in basophil granulocytes from NA 

donors. C: One exemplary dot plot out of n=8 of basophil granulocytes from AD patients demonstrating the TRP channel 

distribution. Statistical analysis was performed using a two-way ANOVA mixed-effects analysis followed by Šídák’s post-

hoc test. Data are presented as mean ± SEM. 
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3.2.2 TRPA1/TRPV1 co-expression is modulated by IL-33 and NGFβ 

After establishing that both channels are expressed on basophil granulocytes, the next step 

was to investigate whether their surface expression could be modulated. As described in 

Chapters 2.2.7 and 3.1.5, isolated human peripheral blood basophil granulocytes were 

stimulated with IL-3, Th2 cytokines, and neurotrophins (Figure 20), and the amount of  

 

 

Figure 20: Effect of inflammatory mediators on TRPA1/TRPV1 surface protein co-expression on human basophil 

granulocytes. Basophil granulocytes from NA donors were stimulated for 4 hours at 37°C at 5% CO2 with RPMI complete 

medium (Co), interleukin (IL)-3, IL-31, IL-33, thymic stromal lymphopoietin (TSLP), nerve growth factor-beta (NGFβ), 

tumor necrosis factor alpha (TNF-α) (10 ng/mL), IL-13, and brain-derived neurotrophic factor (BDNF) (50 ng/mL). 

TRPA1/TRPV1 co-expression was analyzed by flow cytometry (n=3). A: Percentage of basophil granulocytes co-expressing 

TRPA1/TRPV1 after incubation with various stimuli. B: One representative dot plot out of n=3 of basophil granulocytes 

incubated with RPMI complete medium as control showing TRPA1/TRPV1 co-expression. C: One representative dot plot 

out of n=3 of TRPA1/TRPV1 co-expressing basophil granulocytes stimulated with IL-33. D: One representative dot plot 

out of n=3 of basophil granulocytes incubated with NGFβ showing TRPA1/TRPV1 co-expression. Statistical analysis was 

performed using a one-way ANOVA followed by Dunnett’s post-hoc test. A p-value < 0.05 was considered significant. * < 

0.05, *** < 0.001. Data are presented as mean ± SEM. 
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basophil granulocytes expressing both TRP channels was analyzed by flow cytometry. 

Consistent with the results shown in Figure 11, the addition of IL-3 (p=<0.0001) and NGFβ 

(p=0.0002) significantly increased the co-expression of TRPA1/TRPV1 (Figure 20A, C, D) 

compared to the control (Figure 20B). Moreover, incubation with IL-33 also enhanced the 

presence of both cation channels (p=0.0167) (Figure 20A, Supplementary Table 24). These 

findings suggest a similar upregulation pattern for TRPV1 as observed for TRPA1, since the 

same mediators induced their expression. Notably, IL-33 appears to play a role in the co-

expression of TRPVA1/TRPV1, as it significantly enhanced the co-expression of both 

channels compared to its effect on the expression of TRPA1 alone (Figure 11). 

 

3.2.3 Modulation of TRPA1/TRPV1 co-expression by pH 

Finally, human peripheral blood basophil granulocytes were incubated in medium with 

acidic pH or at an increased temperature (see Chapter 2.2.7), as these are common aspects 

of inflammation. A mildly decreased pH of 6.5 did not affect the co-expression of both TRP 

channels on basophil granulocytes, compared to the control at pH 7. However, strong 

acidification at pH 5.0 led to a significant increase of TRPA/TRPV1 (p=0.0015) (Figure 21A, 

Supplementary Table 25). In contrast, elevated temperature, another important factor in 

inflammation, had no effect on the percentage of human peripheral blood basophil 

granulocytes expressing both ion channels (Figure 21B, Supplementary Table 26). These 

results are consistent with the findings for single expression of TRPA1 (Figure 12) and 

confirm that a strongly acidic pH milieu promotes the upregulation of the TRP channel 

surface expression, while elevated temperature does not affect it.  
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Figure 21: Co-expression of TRPA1 and TRPV1. Isolated basophil granulocytes from NA donors were incubated for 

4 hours at 37°C and 5% CO2 in acidified RPMI complete medium or at elevated temperatures. TRPA1/TRPV1 co-expression 

was analyzed by flow cytometry. A: Basophil granulocytes were exposed to acidified medium at pH 6.5 and 5.0. RPMI 

complete medium (Co) at pH 7.0 was used as a control (n=4). B: Basophil granulocytes were incubated at 37°C and 40°C 

(n=3). Statistical analysis was performed using a one-way ANOVA followed by Dunnett’s post-hoc test (A) or a paired 

Student’s t-test (B). A p-value < 0.05 was considered significant. ** < 0.01. Data are presented as mean ± SEM. 

 

To summarize, TRPA1 is expressed in human peripheral basophil granulocytes and 

functions as a calcium-permeable cation channel, activated in a dose-dependent manner. Its 

expression is modulated by the pruritogen IL-31, growth factor NGFβ, and strongly 

acidified pH. TRPA1 activation does not affect basophil granulocyte viability. In addition to 

the expression of TRPA1, the co-expression of TRPV1 is also confirmed by these findings. 

The modulation of the TRP channel complex is expanded to the Th2 cytokine IL-33, which 

is known to have a priming effect on [157] and enhances the IL-4 production in basophil 

granulocytes [157]. Thus, the basophil-TRPA1 channel linkage identified in this study may 

be a novel therapeutic target for pruritic and inflammatory skin diseases, such as AD. 
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4 Discussion 

Atopic dermatitis is a debilitating pruritic skin disease, which severely affects the quality of 

life in patients [38]. Itching is the main symptom and proves difficult to treat, as 

antihistamines are often ineffective [61]. However, new therapies, including monoclonal 

antibodies, have shown promise in improving symptoms [63–66]. The pathogenesis of AD 

remains to be elucidated; therefore, the key players involved in the disease need to be 

identified. Basophil granulocytes have been found in the skin of AD patients, furthering the 

occurring inflammation [48–50]. They have been observed to be located closely to neurons 

in the skin, indicating neuro-immune interactions [16]. In this regard, TRP channels are 

commonly expressed in neurons and immune cells. The TRPV1 channel has been confirmed 

in CD4+ T cells [158], eosinophils [126], and basophils [127], as has the TRPA1 channel in 

mast cells, macrophages [159], and T cells [99, 102]. However, the expression of TRPA1 in 

basophil granulocytes has not previously been investigated. This doctoral thesis examined 

the expression of the TRPA1 channel, as well as its co-expression with TRPV1, in basophil 

granulocytes to further advance the understanding of the disease. 

Basophil granulocytes are known to express TRPV1 [127]. Since 30% of TRPV1-positive 

neurons also express TRPA1 [94], the presence of TRPA1 in basophil granulocytes was 

considered to be likely. Analysis by qPCR and flow cytometry confirmed the expression of 

TRPA1 in basophil granulocytes in skin healthy NA donors and in those with skin 

inflammation such as AD patients. This is in accordance with a previous study, where the 

TRPV1 channel was found to be expressed in basophils and similarly upregulated during 

AD [127]. Interestingly, Weihrauch et al. [126] verified the expression of TRPV1 in human 

peripheral blood eosinophils, another type of granulocytes. However, in contrast to the 

findings of this thesis, TRPV1 expression in eosinophils did not differ between NA donors 

and patients with AD [126], indicating different expression patterns in individual subtypes 

of granulocytes.  

Next, the functionality of the TRPA1 channel in human peripheral blood basophil 

granulocytes was confirmed by calcium flux imaging. Activation of the channel resulted in 
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a slow and dose-dependent increase in intracellular calcium over time in isolated peripheral 

blood basophils. In contrast, Matsubara et al. [160] and Szabó et al. [161] reported a faster 

and slightly stronger reaction of the TRPA1 channel to the selective agonist JT010 in TRPA1 

expressing HEK cells, as well as in mouse peritoneal cells and thymocytes, respectively. 

However, the concentrations they used were 10-40 times higher than the highest 

concentration used in this thesis. The concentrations used in this thesis are based on the 

study published by Takaya et al. [105], which described the discovery of JT010. There they 

applied the agonist in concentrations ranging from 1 to 1000 nM to TRPA1-transfected 

HEK293 cells [105]. Nonetheless, activation of TRPA1 had no effect on the expression or 

externalization of the basophil granulocyte activation markers CD203c and CD63, 

respectively. A similar effect has been observed in eosinophil granulocytes concerning the 

TRPV1 channel, where its activation also did not cause an upregulation of activation 

markers [126]. Interestingly, when T cells were stimulated with TRPA1 agonists, inhibition 

of TRPA1 with the specific antagonist A-967079 resulted in reduced T cell activation [102]. 

Expression levels of the T cell activation markers CD25 and CD69 were found to be 

significantly decreased, indicating that TRPA1 and the induced calcium flux are necessary 

for the activation of T cells [102], but not of basophil granulocytes.  

In AD a variety of cytokines and neurotrophins are involved in the pathogenesis of the 

disease. Therefore, TRPA1 expression was analyzed after stimulation with IL-3, IL-13, IL-

31, IL-33, TSLP, NGFβ, BDNF, and TNF-α. TRPA1 expression in basophil granulocytes was 

found to be modulated by the cytokines IL-3 and IL-31, as well as the neurotrophin NGFβ. 

IL-3 is secreted by basophil granulocytes and affects the cells in an autocrine manner by 

exhibiting priming actions [26]. In the present study, there was an increase of TRPA1 

expression after stimulation with IL-3. Furthermore, stimulation with IL-3 leads to the 

release of IL-13 [162], which exacerbates the itching sensation that patients experience [163]. 

The neurotrophin NGF is increased in keratinocytes in early AD lesions [164] and has been 

found to be elevated in plasma, and its presence correlating with disease severity [165]. In 

this thesis, stimulation with NGFβ caused a significant increase of TRPA1 expression in 

basophil granulocytes, showing that the neurotrophin can modulate the channels 
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expression. TRPA1 expression was significantly increased after stimulation with IL-31. IL-

31 is known to induce pruritus by binding to its receptor, IL-31RA, which is expressed on 

TRPA1/TRPV1-positive sensory nerves [51]. Moreover, IL-31 is increased in lesional skin of 

patients with AD [51]. When administered or overexpressed in mice, this pruritic cytokine 

leads to a phenotype similar to AD [166]. In AD patients, overexpression of IL-31 has been 

observed in both lesional and non-lesional skin [167]. Furthermore, in AD patients, IL-31 

serum levels are significantly higher than in healthy donors and correlate with disease 

severity [139]. A Student’s t-test analysis revealed that TRPA1 modulation by IL-31 was 

increased in human basophil granulocytes of AD patients compared to the stimulation with 

culture medium only. Analysis of TRPA1 modulation with other inflammatory mediators, 

analyzed by ANOVA, showed no significant increase of TRPA1 expression in basophil 

granulocytes. This difference may be due to the sample size and the nature of the statistical 

tests. A limiting circumstance in this regard may be the different sample sizes ranging from 

n=3 up to n=5. However, this is also due to the fact that the amount of basophil granulocytes 

and the status of baseline activation may vary between patients, which complicates sample 

collection. In addition, the tests differ slightly in their methodology. The Student’s t-test 

examines the differences between two groups directly, while the ANOVA evaluates 

whether at least one mean value deviates from the others. This means that a small difference 

may not be significant. Therefore, basophil granulocytes from two more NA donors are 

needed to achieve the same number of tested subjects and statistical power.  

Although the remaining cytokines and neurotrophins did not affect TRPA1 expression, they 

are all involved in the AD disease. The pruritogenic cytokine IL-13 is increased in the 

lesional skin of patients with AD [163]. It increases TRPA1 expression in mast cells [98] and 

recruits T cells and eosinophils to sites of inflammation [163]. Additionally, the cytokine IL-

13 decreases the expression of epidermal barrier proteins and is part of the itch transmission 

[163], all of which contribute to the inflammatory and pruritic nature of AD. IL-33 is 

upregulated in lesional skin of AD patients. Mechanical trauma, such as scratching, 

increases IL-33 expression [168]. The cytokine is known to selectively activate TRPA1 on 

enterochromaffin cells [169]. TSLP initiates a cascade of AD development [170] by acting as 
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a pruritogen and leading to TRPA1 activation [171]. BDNF has been observed to be 

increased in serum and plasma of AD patients [172] and enhances TRPA1 activity in rat 

DRG neurons [173]. However, the neurotrophin BDNF had no effect on TRPA1 expression 

in human basophil granulocytes. TNF-α, a pro-inflammatory cytokine [174], is also 

increased in patients with AD [175]. It leads to translocation of TRPA1 to the cell surface in 

sensory neurons [176]. Furthermore, it increases the TSLP gene expression in human 

keratinocytes [177], promoting inflammation. It is interesting that although all these 

cytokines and neurotrophins play a role in the pathogenesis of AD, they do not directly 

affect TRPA1 expression.  

As an inflammatory disease, AD is also characterized by an acidic milieu and increased 

temperature. Although there is no current literature regarding the exact pH of inflamed 

skin, it is known that acidification occurs through the production of lactate [152]. As TRPA1 

is activated at a pH between 5.0 and 5.5 [154], pH 5.0 was chosen as the lowest pH in the 

experiment. This milieu caused a significant increase in the expression of TRPA1 in basophil 

granulocytes. Similar increases in receptor expression at pH 5.0 were observed in eosinophil 

and basophil granulocytes and the TRPV1 channel [126, 127]. Elevated temperature, 

however, did not have any effect on TRPA1 expression. May et al. demonstrated that TRPA1 

expression can increase due to heat, which was observed in HEK293T17 cells expressing 

human TRPA1 that were incubated for 10 minutes at 49°C, resulting in a significant 

elevation [115]. However, this temperature far exceeds the physiological (37°C) and febrile 

(41.1°C) temperatures [178] and was therefore not applied to basophil granulocytes. These 

results are consistent with previous studies describing TRPA1 as a cold sensor [108, 109]; 

however, this effect in humans remains controversial. 

Furthermore, the effect of TRPA1 activation on basophil granulocyte viability was 

investigated. Stimulation with JT010 did not affect basophil granulocyte viability when 

compared to the control, regardless of the health status of the blood donor or stimulation 

period. This is supported by other studies, as sole activation of the TRPA1 channel has 

neither pro- nor anti-apoptotic effects [179, 180]. Nevertheless, this might be dependent on 

which types of cells express TRPA1, as activation of TRPA1 in metastatic colorectal 
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carcinoma cells has been observed to reduce cell viability [179]. In contrast, non-neoplastic 

cells from adjacent tissue are not affected [179]. Viability of human lung myofibroblast cells 

is also reduced after activation of TRPA1 [181]. Moreover, activation of TRPA1 might 

represent another step in the apoptotic pathway, as stimulation of synovial fibroblasts with 

TNF sensitizes the TRPA1 channel, increases calcium flux, and results in a pro-apoptotic 

reaction [182]. Basophil granulocytes from NA donors demonstrated overall higher viability 

when incubated for 4 hours, compared to 24 hours. As basophil granulocytes have a short 

life span of approximately 60 hours [2, 6, 10, 11], some may have died due to the incubation 

period, regardless of other factors. Basophil granulocytes from AD patients showed lower 

viability after stimulation with staurosporine compared to basophil granulocytes from NA 

donors. Although no definitive explanation was found in literature, this might be due to 

basophil granulocytes being in a heightened state of activity in AD [183], leaving them more 

vulnerable to apoptosis-inducing factors.  

Basophil granulocytes were found in lesional skin of AD patients; however, none were 

observed in skin of NA donors. This has been confirmed by other studies, where basophil 

granulocytes were present in AD skin [49, 50, 148], while they were absent in healthy skin 

[7]. 

Co-expression of TRPA1/TRPV1 has been observed in peripheral blood basophil 

granulocytes from both NA donors and AD patients. Previously, this co-expression had also 

been found in murine and rat neurons [51, 94, 184, 185] and other cells, such as cardiac 

muscle cells [186] and keratinocytes [187]. Preliminary data from the group of Raap et al. 

confirms the co-expression in human eosinophil granulocytes (data not shown), which 

indicates that other immune cells might also possess similar co-expression patterns.  

As TRPA1/TRPV1 co-expression has been confirmed in basophil granulocytes, it would be 

interesting to analyze if TRPA1 and TRPV1 heterotetramers also exist in basophils (TRPA1-

TRPV1). The possibility of TRP channel heterotetramer formation from the same or different 

TRP subfamily has previously been investigated. The combinations of TRPP2-TRPC1 [188, 

189], TRPP2-TRPV4 [190], TRPC3-TRPC4 [191], TRPM6-TRPM7 [192], TRPC1-TRPC3 [193], 

and TRPC1-TRPC5 [194] are only a few to be named. Interestingly, TRPP2 did not form 
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heterotetramers with TRPM8 or TRPA1 [190], which indicates limitations in the formation 

of heterotetramers. A synthetically produced TRPA1-TRPV1 heterotetramer is possible, as 

demonstrated by Fischer et al. [195], and can be activated by heat, capsaicin, acidic pH of 

5.5, and ethanol, similar to the TRPV1 homotetramer. However, it has fewer binding sites 

for capsaicin, which results in a lower total current that this channel is able to conduct [195], 

indicating that this limitation is introduced by the TRPA1 channel. Furthermore, stimulation 

with the TRPA1 agonists AITC, carvacrol, or hydrogen peroxide did not result in activation 

of the heterotetramer [195], suggesting a dominance of the TRPV1 channel regarding the 

heterotetramer’s functional properties. Further experiments are necessary to confirm if a 

TRPA1-TRPV1 heterotetramer channel exists in basophil granulocytes. 

Co-expression of TRPA1/TRPV1 was observed to be modulated similarly to the expression 

of TRPA1 alone, namely by IL-3 and NGFβ, but also by IL-33. IL-33 is known to induce a 

Ca2+ response in DRGs; however, the addition of specific agonists for TRPA1 and TRPV1 

has been observed to decrease this effect [196]. This demonstrates the importance of both 

TRP channels for the development of itch, also in the context of AD. The percentage of 

basophil granulocytes that expressed both channels was visibly lower than the amount of 

basophil granulocytes that expressed TRPA1 alone. This is in accordance with the findings 

of Story et al. [94], who reported that only approximately 30% of TRPV1-positive neurons 

also express TRPA1. 

Modulation of TRPA1/TRPV1 co-expression by pH or temperature was also similar to the 

modulation of TRPA1 alone. However, the percentage of TRPA1/TRPV1-positive basophil 

granulocytes was about 20% lower than the number of cells that expressed solely TRPA1. 

This result again confirms the findings of Story et al. [94] that only approximately a third of 

TRPV1-expressing neurons are also TRPA1-positive. 

Working with basophil granulocytes presents a variety of limitations. Due to their scarcity 

in the human body, as basophil granulocytes comprise less than 1% of all leukocytes [1], 

experiments are limited by the number of conditions that can be analyzed. Moreover, the 

number of basophil granulocytes varies from donor to donor [197, 198], which increases the 

number of required donors. Although a basophil granulocyte cell line was recently 
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established by Celprogen, the use of basophil granulocytes from NA donors and patients 

with AD remains necessary [14], as only in this way differences between diseased and 

healthy skin can be accurately analyzed. Furthermore, utilizing concentrated buffy coat 

blood from blood donations is also not ideal, as the medical history of the donors is not 

provided, making it impossible to differentiate between NA donors and AD patients. 

Moreover, due to the collection process, the freshness of buffy coat blood is not guaranteed 

and might affect basophil granulocytes’ ability to respond to stimuli in experimental 

settings. Taken together, this shows the limitations of working with basophil granulocytes 

in experimental settings and emphasizes the need for more reliable models in future studies. 

In conclusion, basophil granulocytes express the TRPA1 and the TRPV1 channels. TRPA1 

channel expression is significantly increased in patients with AD, highlighting its role in the 

disease. The channel is functional, but its activation does not cause an elevation in the 

presence of the basophil granulocyte activation markers CD63 and CD203c or the cells 

viability. TRPA1 expression can be modulated by IL-3, NGFβ, and, in the case of co-

expression with TRPV1, by IL-33. Acidic pH also increases the expression of TRPA1, alone 

and in combination with TRPV1, but temperature has no effect. Basophil granulocytes that 

express TRPA1 are also found in lesional skin of AD patients. All these results underscore 

the importance of basophil granulocytes and TRP channels in AD, hopefully contributing 

to elucidating part of the disease’s pathogenesis. 
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5 Outlook 

The results in this doctoral thesis show the importance of the TRPA1 channel in human 

basophil granulocytes of AD patients and aim to expand the understanding of the disease. 

However, more research is necessary.  

In future experiments, the presence of TRPA1-TRPV1 heterotetramers in human basophil 

granulocytes could be analyzed. This could be done in cooperation with Dr. Jochen 

Behrends from the Research Center Borstel, as they have a FACSDiscover S8 with CellView 

Image Technology, which enables the capture of high-resolution images of cells. With 

respective antibodies, visualization of TRPA1-TRPV1 heterotetramers may be possible. 

Another potential experiment could involve co-culturing human peripheral blood basophil 

granulocytes with Staphylococcus aureus, a Gram-positive bacterium. It is known to colonize 

the skin of AD patients [52] and releases protein A, which activates basophil granulocytes 

[55]. Analyzing TRPA1 expression after co-culture with Staphylococcus aureus, as well as 

examining the contents of the supernatant, may elucidate further aspects of AD 

pathogenesis. 

In cooperation with the team of Prof. Dr. Anja Bräuer from the Department of Anatomy, 

basophil granulocytes could be co-cultured with neurons or neuronal supernatants. The 

supernatant itself and TRPA1 expression of basophil granulocytes after co-cultivation could 

both be examined. Due to the close spatial proximity of basophil granulocytes and neurons 

in the skin of AD patients [16], this experiment could give important insight into the 

development of the disease, especially regarding itch development and transmission.  

All these experiments could broaden the understanding of AD and contribute to the 

development of new treatments. One possible treatment approach could be a topical cream 

containing a TRPA1 antagonist to reduce itch in lesional skin. Treatment of mice and rats 

with the TRPA1 antagonist HC-030031 has already shown promising results [112, 199], 

attenuating both itch and pain in the respective animal models.  
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In summary, further investigation of basophil granulocytes and TRPA1 could elucidate the 

pathogenesis of AD, as well as create new therapies, improving patient outcomes and 

quality of life. 
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Appendix 

Supplementary Tables 

Supplementary Table 1: Summary of unpaired Student’s t-test results for the data shown in Figure 7A. 

Unpaired Student’s t-test Number of samples [n] Summary p-values 

NA vs. AD NA: 4, AD: 6 * 0.0347 

 

Supplementary Table 2: Summary of unpaired Student’s t-test results for the data shown in Figure 7C. 

Unpaired Student’s t-test Number of samples [n] Summary p-values 

NA vs. AD NA: 8, AD: 7 ** 0.0073 

 

Supplementary Table 3: Summary of unpaired Student’s t-test results for the data shown in Figure 7D. n.s.: not significant 

Unpaired Student’s t-test Number of samples [n] Summary p-values 

NA vs. AD NA: 8, AD: 7 n.s. 0.1643 

 

Supplementary Table 4: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

8E. n.s.: not significant

One-way ANOVA Number of samples [n] Summary p-values 

Co vs. 10 nM JT010 4 n.s. 0.1791 

Co vs. 100 nM JT010 4 * 0.0128 

Co vs. 1000 nM JT010 4 *** 0.0003 
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Supplementary Table 5: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

9A. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co vs. fMLP 4 n.s. 0.09 

Co vs. a-IgE 4 *** <0.001 

Co vs. 10 nM JT010 4 n.s. >0.99 

Co vs. 100 nM JT010 4 n.s. >0.99 

Co vs. 1000 nM JT010 4 n.s. >0.99 

 

Supplementary Table 6: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

9B. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co vs. fMLP 4 *** <0.001 

Co vs. a-IgE 4 *** <0.001 

Co vs. 10 nM JT010 4 n.s. 0.74 

Co vs. 100 nM JT010 4 n.s. 0.68 

Co vs. 1000 nM JT010 4 n.s. 0.70 

 

Supplementary Table 7: Summary of paired Student’s t-test results for the data shown in Figure 10A. 

Paired Student’s t-test Number of samples [n] Summary p-values 

Co vs. IL-31 4 * 0.0147 

 

Supplementary Table 8: Summary of paired Student’s t-test results for the data shown in Figure 10B. 

Paired Student’s t-test Number of samples [n] Summary p-values 

Co vs. IL-31 5 * 0.0329 
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Supplementary Table 9: Summary of paired Student’s t-test results for the data shown in Figure 10C. n.s.: not significant 

Paired Student’s t-test Number of samples [n] Summary p-values 

Co vs. IL-31 5 n.s. 0.93 

 

Supplementary Table 10: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

11A. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co vs. IL-3 3 *** <0.0001 

Co vs. IL-13 3 n.s. >0.9999 

Co vs. IL-31 3 n.s. 0.9974 

Co vs. IL-33 3 n.s. 0.4193 

Co vs. TSLP 3 n.s. 0.9970 

Co vs. NGFβ 3 ** 0.0061 

Co vs. BDNF 3 n.s. 0.9998 

Co vs. TNF-α 3 n.s. 0.9994 

 

Supplementary Table 11: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

11B. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co vs. IL-3 3 *** <0.0001 

Co vs. IL-13 3 n.s. 0.9996 

Co vs. IL-31 3 n.s. 0.9686 

Co vs. IL-33 3 n.s. 0.9446 

Co vs. TSLP 3 n.s. 0.9781 

Co vs. NGFβ 3 n.s. 0.1055 

Co vs. BDNF 3 n.s. 0.5139 

Co vs. TNF-α 3 n.s. 0.8185 
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Supplementary Table 12: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

12A, left. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co 7.0 vs. 6.5 4 n.s. 0.0967 

Co 7.0 vs. 5.0 4 ** 0.0011 

 

Supplementary Table 13: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

12A, right. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co 7.0 vs. 6.5 4 n.s. 0.3294 

Co 7.0 vs. 5.0 4 * 0.0129 

 

Supplementary Table 14: Summary of paired Student’s t-test results for the data shown in Figure 12B, left. n.s.: not 

significant 

Paired Student’s t-test Number of samples [n] Summary p-values 

37°C vs. 40°C 3 n.s. 0.4382 

 

Supplementary Table 15: Summary of paired Student’s t-test results for the data shown in Figure 12B, right. 

Paired Student’s t-test Number of samples [n] Summary p-values 

37°C vs. 40°C 3 * 0.0263 

 

Supplementary Table 16: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

13B. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co vs. Stauro 3 * 0.0362 

Co vs. 10 nM JT010 3 n.s. >0.9999 

Co vs. 100 nM JT010 3 n.s. 0.9999 

Co vs. 1000 nM JT010 3 n.s. >0.9999 
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Supplementary Table 17: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

13C. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co vs. Stauro 3 * 0.0366 

Co vs. 10 nM JT010 3 n.s. >0.9999 

Co vs. 100 nM JT010 3 n.s. >0.9999 

Co vs. 1000 nM JT010 3 n.s. >0.9999 

 

Supplementary Table 18: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

14B. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co vs. Stauro 4 *** 0.0006 

Co vs. 10 nM JT010 4 n.s. 0.6765 

Co vs. 100 nM JT010 4 n.s. 0.9901 

Co vs. 1000 nM JT010 4 n.s. 0.9764 

 

Supplementary Table 19: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

14C. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co vs. Stauro 4 *** <0.0001 

Co vs. 10 nM JT010 4 n.s. >0.9999 

Co vs. 100 nM JT010 4 n.s. 0.9144 

Co vs. 1000 nM JT010 4 n.s. 0.8633 
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Supplementary Table 20: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

15B. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co vs. Stauro 3 *** 0.0003 

Co vs. 10 nM JT010 3 n.s. 0.9374 

Co vs. 100 nM JT010 3 n.s. 0.6605 

Co vs. 1000 nM JT010 3 n.s. 0.9004 

 

Supplementary Table 21: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

15C. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co vs. Stauro 3 *** 0.0005 

Co vs. 10 nM JT010 3 n.s. 0.9801 

Co vs. 100 nM JT010 3 n.s. 0.7868 

Co vs. 1000 nM JT010 3 n.s. 0.9698 

 

Supplementary Table 22: Summary of unpaired Student’s t-test results for the data shown in Figure 18C. n.s.: not 

significant 

Unpaired Student’s t-test Number of samples [n] Summary p-values 

NA vs. AD NA: 20, AD: 8 n.s. 0.3131 
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Supplementary Table 23: Summary of two-way ANOVA mixed-effects analysis followed by Šídák's post-hoc test for the 

data shown in Figure 19A. n.s.: not significant 

Two-way ANOVA 

mixed-effects analysis 

Number of samples [n] Summary p-values 

TRPV1 NA: 20, AD: 8 n.s. >0.9999 

TRPA1 NA: 20, AD: 8 n.s. 0.9528 

TRPA1/TRPV1 NA: 20, AD: 8 n.s. 0.5798 

Double neg NA: 20, AD: 8 n.s. 0.9182 

 

Supplementary Table 24: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

20A. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co vs. IL-3 3 *** <0.0001 

Co vs. IL-13 3 n.s. 0.9877 

Co vs. IL-31 3 n.s. 0.5314 

Co vs. IL-33 3 * 0.0167 

Co vs. TSLP 3 n.s. 0.6618 

Co vs. NGFβ 3 *** 0.0002 

Co vs. BDNF 3 n.s. 0.2537 

Co vs. TNF-α 3 n.s. 0.1301 

 

Supplementary Table 25: Summary of one-way ANOVA followed by Dunnett’s post-hoc test for the data shown in Figure 

21A. n.s.: not significant 

One-way ANOVA Number of samples [n] Summary p-values 

Co 7.0 vs. 6.5 4 n.s. 0.4487 

Co 7.0 vs. 5.0 4 ** 0.0015 
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Supplementary Table 26: Summary of paired Student’s t-test results for the data shown in Figure 21B. n.s.: not significant 

Paired Student’s t-test Number of samples [n] Summary p-values 

37°C vs. 40°C 3 n.s. 0.2520 
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