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Abstract

Organisms possess sophisticated defense mechanisms to maintain homeostasis and combat
threats. The immune system plays a pivotal role in this defense, recognizing and responding
to threats from both the internal and external environments. While the infieeiof various
factors on the immune system is well recognized, the effect of temperature remains an area
of significant interest.The complex interplay between thermogenic stimuli and immune
responses is explored in this dissertation.

Initially, we investigated the effects of high temperatidependent TRPV1 channel activation

in macrophages. The results obtained demonstrate that TRPV1 activation by capsaicin in an
inflammatory environment induces a phenotypic shift in macrophages praminflammatory

M1 to anttinflammatory M2blike. This transition is accompanied by alterations in cytokine
production,up-regulationof co-stimulatory molecules, and enhanced T cell proliferation.

Secondly, we investigated the effects of chronic cold exposure on the immune system in a rat
model. Our observations revealesiibstantial changes in thenmune systemduring the

process of colécclimatzation A y Of dzZRAy 3 'y Ay ONBIFrasS Ay GKS |6
GA&dadzsSae ¢KSAS FTAYRAYy3Ia ada3asSad | ONARGAOFE N
Furthermore, we observed that cold exposure altered the immune response to TLR2 and TLR4
stimulation, highlighting the profound impact of temperature on immune function. Finally, we
translated some of these findings to human subjects. Specifically, we observed an increase in
0KS LRLMzZ FGA2y 2 7F volunteerswOdSréglilarly swiyh inlc#ldSwaterfi2 2 R 2
comparison to a control group.

This dissertation offers novel insights into the intricate relationship between thermogenic
stimuli and the immune system. The findings underscore the potential for targeting TRPV1
FYR 14 ¢ OStfta G2 Y2RdzZ S AYYdzy Singh&Ba& LI2y asS
significant, as they offer novel perspectives on comprehending and potentially manipulating

the immune systenundervarious physiological and pathological conditions.
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Introduction

Throughout its lifime, an organism is required to manage a series of events that may pose a
threat to its integrity. Consequently, it has evolved multiple defense mechanisipsotect

the body. The objective is to preserve homeostasis, which is cruciahaintaining vital
metabolic functions and processtmat occurwithin every living cell. The primary system that
organisms have evolved tmaintain integrity and homeostasis is the immune systebhe
immune system's role is to detect potential threats originating from either external or internal
sources and to initiate an immune response that will ensure the survival of the organism.
Nonetheless, the immune system is susceptible to various fadioas can alter its
functionality and efficiency. Such influences can manifest as either beneficial or detrimental.
Influencing factorsncludestress, dietary habits, physical activity, lifestyle choieggquate
sleep, and age, in addition to various diseases, injuries, infections, or subsequent treatments.
Among environmental factors, temperature is a wedtablished modulator of immune
function and overall health.

It is imperative to preserve all physiological functions of the organiegardless of elevated

or reduced ambient or internal temperature$he persistence of fundamental metabolic
reactions is crucial for maintainiragstable body temperature, with the involvement aimost

all physiological systems in this procethder circumstances characterized by extreme
changes, some physiological processes may be overlooked. However, it is necessary for the
immune system to maintain its functionality, as failure of this system could have serious
consequenceslt is widely acknowledged that variations in temperaturave a significant
impact on the immune system. Immune responses and processes function differently
compared to optimal conditions, resulting in altered immune reactions. Consequently, the
recognition of threats and the combat against infections may vary based on ambient
temperature,affecting their efficacy accordingly.

Neverthelessthe immune system activelyarticipatesin regulatory processethat respond

to temperature variations and serves agmcialcomponent in adaptation mechanisms. In
the absence of a fully functioning immune systehe maintenance diundamental metabolic
processes in extremes of cold beat becomesextremely challenging,thus significantly
increasingvulnerability to infections andlisruptinghomeostasisWhile the immune system
continues to operate effectively under altered temperature conditions, it malso actively
engagein the physiological adaptation to novel temperature settings and guarantee the
optimal performance of other bodily systems.

Consequently, the role of the immune system under varying temperature conditions is of
critical importance. Notably, numerous studies have focused on the effects on the organism
when exposed to thermal stimuli, yet relatively few have specifically adddetbeeimmune
system's responses. In this dissertation, | intend to consolidate the knowledge acquired
throughout my doctoral research on the impact of thermogenic stimuli on the immune
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system. Comprehending the intricate interconnections between ambient temperature, its
discernment, and subsequent initiation of appropriate thermoregulatory mechanisms by the
immune system, in addition tonaintaining its fundamental operations, presents a highly
promising therapeutic objective. By employing ambient temperature or targeting specific
temperature receptors, it is possible to modulate immune system functions and efficacy, as
well as activate metabolic paways involved in the thermoregulation process. Consequently,
these applications hold substantial potential for clinical practice and medical advancement.

Introduction 13



Thermoregulation

Thermoregulation is defined asprocess ofregulating thephysiological body temperature

through the equilibrium between heat generation and dissipation. In the context of humans,

the term "normothermic" isused to denote an individual whose body temperature is
YEAYOGFAYSR gAGKAYndpcMIby 1S, 20R yaiNd/aldkk NI Ga S
GSYLISNI dz2NBE-n®p ot ®o KAt S5k YAOS LINBaSy-D51 f2¢
¢ [1]. Maintaining an appropriate temperature range is esseramaintain homeostasis

and ensue optimal metabolic functior{2]. The peripheral thermoreceptors, located in the

skin, are responsible for detecting surface temperatures, while the central thermoreceptors,
located in the viscera, spinal cord, and hypothalamus, sense the core temperature. The
thermoregulatory center is [ated in the hypothalamus, more specifically in the preoptic area
(POA).POA integrates peripheral and central thermosensory neural inputs and transmits
signals to effector organs to initiate involuntary thermoregulatory respofiSgg!]. Neurons

that are sensitive to elevated temperatures are found in the dorsal segment of the lateral
parabrachial nucleus (LPBd), and their activation leads to vasodilatidisuppression of
thermogenesis. Conversely, neurons that are sensitive to cold are located in the external
segment of the lateral parabrachial nucleus (LPBel), and upon activation, they induce
vasoconstriction and promote thermogenesis (Fid41,[5].

é
~

The culmination of the physiological response to elevated body temperature is the dissipation
of heat through several mechanisms. Among th@sechanisms, there ian increasein
sweating,facilitated by the activation of sympathetic cholinergic fibers thiminervate the

sweat glands. Concurrently, there is suppression of sympathetic activity in cutaneous blood
vessels, enhancing blood flow to the skin and thereby increasing heat loss. Furthermore, a
decrease in the release of catecholamines from the adrenal glands sraidlinormones from

the hypothalamus results in a reduced metabolic rate. Behavioral adaptations, such as
decreasedphysical activitythe adoption of an "open" body posture, and a reduction in
appetite, also occuf5],[6].

Responses to decreased body temperature are correlated with mechanisms that generate
heat. The sympathetic nervous system induces vasoconstrictiakinfarterioles, thereby
reducingcutaneous blood flow and subsequently reducing heat dissipation. The secretion of
thyroid hormones,along with the enhanced synthesis of catecholamines by the adrenal
glands, helps to elevate the metabolic rate. Moreover, behavioral adaptatiockjding
increased propensity for movement, the adoption of a "closed" body posture, and heightened
appetitive drive, further contribute to the regulation of body temperature. Furthermore, the
process of thermogenesis is initiatés],[6].

Introduction 14
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Figure 1 (A) Simplified diagram of the thermoregulatory system. The preoptic area
receives neural (brown) and humoral (green) afferents to provide thermoregulatory e
signals. (B) Schematic model of central thermoregulatory pathways in warm and
environments. See text for details. BAT, brown adipose tissue; GABA, gamnadutyric
acid; Glu, glutamate; LPBd, dorsal part of the lateral parabrachial nucleus; LPBel, extei
of the lateral parabrachial nucleus; MnPO, median preoptic nucleus; MPA, medial
area. Taken from Nakamura K., 2048

Thermogenesis

Thermogenesis is defined as the process by which an organism produces heat actively. Two
distinct categories of thermogenesis have been identified: shivering andshivering
thermogenesis. These categories diverge based on the underlying mechanisméieand t
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specific tissue responsible for heat production. In the subseqgpardgraph a comprehensive
overview of both types will be provided, with a moredapth examination of nosshivering
thermogenesisthe model of which was used in the experimental part of this dissertation.

Shivering thermogenesis

Shivering thermogenesis is a process that utilizes striated muscle to generatelthisat.
triggered by the stimulatioof cold receptors located on the skin, which in turn activates

alpha and gamma motmeurons. This activation leads to the spontaneous, rapid, and
repeated contraction of muscles comprising fibers | and Il. This process is driven by the
conversion of adenosine triphosphate (ATP) into kinetic energy without the expenditure of
work, which issubsequently released as heat. In large mammals, including humans, shivering
thermogenesis is the predominant mechanism of heat generatiorresponse tocold
exposure5],[7].

Nonshivering thermogenesis and brown adipose tissue

Nonshivering thermogenesis is a process that occurs in brown adipose tissue éBAT)
specialized fat depot distinct from white adipose tissue (WAT), which is primespgnsible

for energy storage. Typically, adipocyte§ WAT contain a single large fat droplet, a
compressed nucleus close to the cell membrane, and a smaller number of thin and elongated
mitochondria [8]¢[10]. In contrast, BAT adipocytes are characterized by multilocular fat
droplets and a nucleus tha& locatedmore centrallywithin the cell.A pronounced distinction
emerges in the quantity of mitochondria in BAT adipocytes, which are often more substantial
in size and possess a greater number of crisfde brown color of BAT associatedvith a

higher concentration of mitochondrial cytochrome and stronger vascularization compared to
WATI[11]. The thermogenic function of BAT is driven by the expression of uncoupling protein
1 (UCP1), also known as thermogenin in some studies, on the inner mitochondrial membrane

(Fig. 2)9].

Cold exposureand subsequent activation of cold receptarsgger activation of BAT through

the release of norepinephrine (NE) from the sympathetic nervous system of the adrenal
glands. Thissympathetic activation stimulates the metabolic pathway, leading to the
breakdown of triacylglycerols and the subsequent formation of free fatty acids. The
& dzo & S lj-dxiflafian ofi these fatty acids produces acetyl coenzyme A, which enters the
citrate cycle, where aequence of biochemical reactions leads to the formation of a proton
gradientin the inner membraneof mitochondriain the final respiratory chainHowever, in
adipocytes oBATb9 o6 AYR& (2 G(KS i ol RNBYSNEAO NBOSLI:
UCH. This protein has thability to uncouple the proton gradient, a process in which ATP
synthesis and the return of protons via A3yhthase do not occuidnstead,protons pass
directly back into the mitochondrial matrix. This results in the dissipation of the proton motive
force, which is converted into heql2]. BAT is primarily responsible for thermogenesis in
small mammals, young animals, and hibernating anirfé8$ In humans, BAT is active in
newborns and is found in the interscapular region; however, it regresses witfBhdeor a
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considerable period, it walselieved that BAT disappeared entirely in adultsvas not until

the development of positron emission tomography/computed tomography, which is used in
the diagnosis of malignanciethat the presence of BAT in adult patie&s unexpectedly
revealed [14]. The currently accepted localization of BAT in adults is in the cervical,
supraclavicular, paravertebral, periaortic, and perirenal dep8ls

A White Beige Brown
Adipocyte Adipocyte Adipocyte
o 1
Mitochondrial UCP1 LD Primary
B density expression Morphology funciton
White | Low - Uni-locular E"g;%ﬁ?;ge
Beige / e Medium + Multi-locular Thg,”;ggﬁgzsjs
High +++ Multi-ocular || Themogenesis
C White adipocytes Beigeadipocytes Brown adipocytes
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Fig. 2 (A)Adipocytes characteristic of individual types of adipose tissue. Adipocyte orig
from white adipose tissue (left), beige adipose tissue (middle), and brown adipose
(right). Fat droplets (yellow), nucleus (blue) and mitochondria (red) aretddpiB) Brown
adipocytes contain many UCP1 positive mitochondria, numerous small lipid droplets
involved in thermogenesis. In contrast, white adipocytes contain few mitochondria that
express UCP1 and a single, large lipid droplet for triglycetodage. Beige adipocytes ha
an intermediate phenotype between classic brown and white adipocytes. Taken and ¢
from Jung et al., 2018; Suchacki and Stimson, P&J2(C)Morphology of three different type
of adipocytes. Hematoxylin and eosin staining of white (left), beige (middle) and brown
adipocytes. Scale bars &Mh. Taken and adapted from Keipert and Jastroch, 2004

In addition to classic BAadipocytesthe presence of beige adipocytes has been documented.
These cells are derived from WAT precursarghrough direct redifferentiation of white
adipocytes. Morphologically, these cells exhibiermediatecharacteristics between BAT and

WAT. However, they are characterized by induced expression of UCP1. This process is referred
to as "beiging of adipose tissue. These beige adipocytes are utilized in adults, who, in contrast
to small mammals, are unable to form nelwown adipocytes The beiging process is
reversible; however, if the organism remainghronic coldexposurefor an extended period,

beige adipocytes can adopt their new phenotypgwjsfulfilling the function of BAT8],[15].

It has been shown that the amount and activityRBATare alsanfluencedby various factors
other than thereduced temperature One such factor may be the composition of food, such
as the presence of fatty acids or thermosensor ligands, which contribute tohdsit the
adipose tissue beiging and activation. For instance, or3efgty acids have been observed
G2 SyKlIyOS (KS SE LMBEGILE]ZTie cateehins ant saffelng/dResento
in tea have been observed to activate BAT in research md@JgR0]. The activation of BAT

can also be stimulated by curcumin, a component of the spice turni2ti; as well as by
components found in garli@2] or ginger extract$§23]. Additional components affecting BAT
include thermosensor activators from the transient receptor potential (TRP) family, such as
menthol or capsaicin. These channels will be discussed in subsequent chapters.

Another factor to consider is physical activiBhysical exerciseasbeen shown to increase

body temperature, activate the sympathetic nervous system, and enhance bloothilough

skeletal musclesSubsequenincrease in NE concentration leads to an increase in the number

of thermogenic adipocyteandUCP Jactivation[24]. However, contradictory studies have also
beenpublished reporting a decrease in UCP1 activity after exerfd5¢[26]. Nevertheless

there isan agreement on the influence of myokines and factors produced by muscle tissue

during exercise, which can increase thermogenddigse factors include-g, 11-39, or irisin,

which activate the transcription factor peroxisome proliferatorO i A @1 1§ SR NB OS LJG 2 N.
and its ceactivatorm M &toBY Mt KS&S FIFOi2NR |NB GKSYy NB
biogenesis and thermogened®7]c[30]. The final noteworthy regulator is the microbiome,

which undergoes substantial alterations when the organism is exposed to cold. This change is
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associated with an increase in metabolic activity and a beiging of WAT. Infigermmice,
thermogenic capacity ieducedand UCP1 expression is decreafh.

Fever and pathophysiological conditions

Fever is characterized by an elevation in body temperature above the normal range, regulated
by the POA within the thermoregulatory center. Its etiolagynultifactorial, with different
origins,including infection, inflammation, autoimmune disorders,medicationeffects. It is

not merely transientoverheatingbut is induced by the activity of pyrogenExogenous
pyrogens originate externally aridggerthe production of endogenous pyrogens, specifically
pro-inflammatory cytokines including interleukin 1-Ql), 1-6, tumor necrosis factor alpha
6¢bChUOE YR AYUSNFSNRY 3JIFYYlF 6LCb! 0d ¢KS&S
E2through cyclooxygenase 2 (CQX thereby stimulating the production of thermogenic
neurotransmitters, which culminates in an increase in body temperature. Fever plays a crucial
role in host defense; it enhances leukocyte mobility and proliferatioorease phagocytic
capabilities, and mitigates the effects of endotoxins. Consequently, pharmacological
intervention to suppress fever issuallyavoided unless the fever is excessively high, persists
for an extendedperiod, or poses a threat to the patient's 1if82].

Pathological conditionaffecting thermoregulation pose significant health risks by increasing
susceptibility to temperature extremesihese are often different types of neuropathies,
endocrinologicadtisorders,or problems with insufficient sweating. This can be observed, for
SEFYLX SE Ay LI GASyGa 6AGK {21 ANByUa [a83kYRNRYS
[35]. Thermoregulatory disorders are alacomplication in people with spinal cord or brain

injuries, as the connection to the hypothalamus is often damaged. Another complication is

the lossof physical sensation of the skin, making it impossible to detect hot or cold stimuli

[36].

TRP channels

Thermoreceptors play a critical role in sensing external temperatures. Notable
thermoreceptors includehe family of TRRhannels, a subject of particular interest in this
research andhis doctoral thesis. These channels are characterized by their high degree of
conservation across species, with expression observed in both invertebrates and vertebrates.
Notably, a homologous channel, designated as Yvcl, has been observed to be expressed in
yeast[37]. However, the expression of these channels in plant cells remains to be confirmed.
The TRP family was first identified in 1969 in the orgarisosophila melanogastekvhich
initiated extensive research in this area. Within a relatively brief period, six subfamilies were
defined: canonical TRP (TRPC), melastaiated TRP (TRPM), ankyrin TRP (TRPA), mucolipin
TRP (TRPML), polycystic TRP (TRPP), and vanilloid TRB8[dM4PN) The seventh subfamily
named no mechanoreceptor potential C (TRPN) was oa@ntified in 2000 [42] and its
complete structuraemained unresolvedntil 2017[43].
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Each TRP cation channel is comprised of six transmembrane helices, and the passage pore is
typically situated between the fifth and sixth domainghe potein termini are oriented
towards the cytosolic side of the membrane, while the N terminus is specifically adapted for
binding modulatorg44],[45]. However, individual subfamilies display a wide variety of gating
mechanisms and consequently functiorssultingin a diverse array of final structur@0].

The TRPN familgas beendescribed as mechanoreceptof46],[47]. The TRPP subfamily,
which is found mainly in renal cilia, is also included in the category of mechanoreceptors.
Autosomal dominant polycystic kidney disease has been linked to a muiatigenes that
encode these proteind48]. The precise function of the TRPML family remains to be
elucidated. However, one of its members, the TRPMLL1 protein, is localized in endosomes,
where it participates in proton transpof#9]. Furthermore its activity is also associated with
autophagosome biogenesj50]. The TRPA subfamily is represented solely by TRPAL. It is a
significant protein due to its role ithe transmission ofpainful stimuli and neurogenic
inflammation. Activators of this protein include pungent oils such as those found in mustard
or garlic[51]. The TPRC group was discovered as the very first subfamily. Because it was
discovered mainly due to its molecular identity, its properties remained in the background for
a long time. TRPCs are expressed in many tissues, including the brain, testis, .0Neaawtv

know that its function is primarilyelatedto calcium cation transport and regulation by the
phospholipase C pathwd$2]. The thermoreceptors that have been identified to date are
classified within the TRPM and TRPV families.

TRPM

The TRPM subfamily comprises eight distinct chandelgnatedasTRPM18, which exhibit
variousfunctional characteristics. It is hypothesized that functional channels form tetramers
and that individual proteins differ significantly structurally from other TRP charjB8ls
While TRPM#as been implicateth cardiac conductiofb4], TRPM%as been associated with
taste recognitior[55], and TRPM6 plays a role in kidney and intestinal magnesium absorption
[56], TRPM2TRPM3and TRPM8 channels are involved in response to temperature. TRPM3
is aCa&* permeablenon-selective channethat is predominantly expressedin peripheral
sensory neurons of the dorsal root ganglia. It is activated by teigiperatures, as well aby
inflammatory pain[57],[58]. TRPM2 on the other handfunctions as a hypothalamic heat
sensor, where it can influence fever and hypotherrfb]. TRPM8 another non-selective
cation channel is expressed on sensory nervesd is known to be activated by cold
temperatures In addition, TRPM8 has been observed to be activated by-plamed ligands,
such as menthol or eucalyptf80],[61]. This property contributes to the perception of cold
sensations triggeredby products or foods derived fromnint or eucalyptus. TRPMS8s also
involved in the perception of cold pa[60] and appears to be crucial for the detection of
reduced temperaturdg62]. The role of TRPMS8 is also describedha switchbetween fever

and hypothermia[63]. Moreover, TRPM&xpression has been observed in mouse BAT
adipocytes, and its activation by menthol has been shown to increase UCP1 exp[@4kion
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Furthermore, menthol activation has been shown to increase UCP1 expression in human WAT,
thereby aiding thermogenesj[§5].

The immune response is also associated with signaling associated with TRPM8 activation.
Activation of TRPMS initiates a signaling pathway that resultscreasedlood pressure and
increasedplasma proteingoncentration Ths results in an increase in the concentration of
immunoglobulins, which is associated with immunosuppres§é@j. Furthermore, TRPM8
activation has been shown tmegatively regulate the production of the pioflammatory

O (i 21 A 63] It dndition, TRPMS8 stimulation in macrophages modulates the colitis
modelby alteringd KS o I f I y OS-1@pfoduttionB8]. Howé\Rr, ih Tymphocytes,
activation of theTRPM&hannelhas been shown to increase proliferation and promote the
production of inflammatory cytokinef69]. Consequently, the precise mechanisms through
which TRPMS8 influences the immune systeave not yet beerlucidated.

TRPV

The TRPV channaubfamily has received the most research attention of all the TRP
subfamilies. It is named after theell-knownmember, TRPV1, which is sensitive to vanilloids
[70]. This subfamily comprises six distinct TRB\hannels, which exhibit divergent@ala*
selectivity. These channels possess both homo and hetetmmeric structure[41],[71].
Notably, TRPV5 antRPV6 exhibit no sensitivity to temperature changes, in contrast to the
other TRPV-4 channels, which are thermosensitive and thus termed "thermoTRPVs." These
channels exhibit distinct differences in selectivity, associated subunits, and temperature
sensitvity. All four are expressed in the central nervous system (CNS), but their expression
differs in other tissuepl1]. TRPV3 isxpressedn keratinocyteg72], while TRPV4 iexpressed

in sperm[73]. However, the TRPV1 channel is the most-diwn and studied, and since it

is important for this thesighe following section wilfocus on itin depth

TRPV1

The TRPV1 receptor was first identified in 1997 by a research team led by DavignilNuas
initially referred toasvanilloidreceptor 1 (VR 0]. For this groundbreaking discovery, David
Julius was honored with the prestigious Nobel Prize in Physiology and Medicine irH2021.
sharedthis honorwith Ardem Patapoutian, who identified other ion channels involved in
sensory perceptionTRPV1 is typically assembled asoanotetramer (Fig. 3A]74], and the
structure of individual monomers is indicated in Fig@®[44]. The pore is formed by six
transmembrane helices in conjunction with a loop. The extracellular portion of the channel is
relatively wide, facilitating acce$44],[75].

Initial research on TRPV1 focused on its expression in ne{irOhsubsequently followed by

an intensive investigation of its properti¢g6],[77]. In particular,the properties of TRPV1
associated with pain perception and nociception have been studibdse investigations have

led to the identification of TRPV1 am importanttherapeutic target in the field of analgesi

[78]. It is expressed in the CNS in spinal and supraspinal structures, as well as in peripheral
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primary afferent neurons and dorsal root ganglia in the peripheral nervous system[{@NS)
Recent findings have revealed that TRPV1 expression ismmitgd to the nervous system;
rather, this protein is present in numerous types of tissues, including the lungs, skin, and
gastrointestinal tract[80],[81]. Notably, ts expression in the corneal endotheliufg82],
capillaries[83], and cerebromicrovascular endotheliurfB4] is of particular interest. Its
presencen sperm[85] andepithelial cell§81],[86] has also been describeBurthermore, its
expression has been documented in the immune sydi&nh

The presence of RPVExpression has been confirmedarvariety of immune cells, including
T cellg[88],[89], NK cell§90], neutrophils[90],[91], mast cell§92],[93], dendritic cells (DC)
[94],[95], and macrophagef©6],[97].
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Fig. 3The structure of TPRV) TRPV1 chains (colored), Connolly surface of the mol
cavities (grey). The vanilloid pocket is highlighted by the black box. Taken and adapt
Elokely et al., 201B35]. (B) Linear diagram depicting major structural domains in a TF
subunit. Taken from Liao et al., 20]#4]. Cap, capsaicin; PI, phosphatidylinositol; |
resiniferatoxin
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TRPV1 Activation

Asstated abovethe activators of the TRPV group are vanilloids. The vanilloid binding site is
located between the transmembrane helices. Upon binding, vanillgities a sequence of
allosteric modificationsultimately resultingin the dilation of the selectivity filter and
consequently, the opening of the chanr@b]. The most wetknown vanilloid activator is
capsaicin, which is isolated from chili peppe@ajsicum sp.or cayenne pepper and is
responsible for the pungent taste of hot foo[®8]. Capsaicin was proposed as an activator in
1997 [70] and remainsthe most prevalent TRPV1 agonish use today Another vanilloid
TRPV1 agonist is resiniferatoxin, which ocaatsirallyin the plantEuphorbia resiniferand

is also commonly used in laboratoexperiments[74],[75]. In addition to these naturally
occurring substances, there is a synthetically produced vanilloid antag@psazepiné¢hat
has been developed to inhibit the effects of TRI3AL.

TRPV1 islsoactivated by low pH with a threshotif approximately6 [77] and by endogenous
compounds associated with paingcludinglysophosphatidic acifl00]and endocannabinoid
anandamide[101],[102] TRPVlactivation is also influenced by magnesium and barium
cations, which have beeshownto reduce the action potential in the extracellular region of
the channelthus potentiating its activation103]. Furthermore, the channel is affected by
certain toxins, such as those foummd the venom ofChinese birdspiders,which have been
shown toinduce permanent activation of TRP{104]. TRPV1 is also responsive to high
temperatures with activation occurringabove 43 [77]. This heatinducedinflux of calcium
ions into the celhas been shown to elicitr@sponseanalogous to that triggered lgapsaicin.
The precise mechanism underlying this phenomehas notyet beenelucidated; however, a
generalassumption is madeegarding a conformational change within the intracellular region
and the outer pore, which iassumedo be independent of vanilloid activatidi05].

The influence of TRPV1 on BAT and its activation remains a topic of ongoing debate due to
inconsistencies in the literatureThere is evidence that TRPV1 activation activates BAT
thermogenesig§106] and inducedeigingof WAT[107]. On the contrarysome authors have
reported that nonthermal activation of TRPV1 leads to a decrease in thermogenesis and BAT
activity[108],[109]

The decision to study TRPV1 in the context of thermogenesis and immune response was
motivated by the thermosensitive properties of this channel, its association with pain, and the
ambiguity of its role in the inflammatory proce$aiven that theexperimental component of

this doctoral thesis primarily focused on macrophage populations, the following section will
focus on their characteristics and functions.

Macrophages

Macrophages are cells classified among the components of innate immunity. These cells
exhibit significantheterogeneity dependingon the tissue in which they are located.
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Consequently, they acquire specific designations, includfugffer cells in the liver,
osteoclasts associated with bone tissue, and microglia in the nervous system. These
professional phagocytes fulfl an important role in pathogemgulfment antigen
presentation, wound healing, tissue homeostasis and individual developfh6}i

In conventional classifications, macrophages are categorized into two primary phenotypes:
classically activated M1 macrophages and alternatively activated M2 macrophages. However,
this classification is not universally applicable, as it is a highly dyremmaig of different
subtypes that can exhibit a wide range of properties, from highly similar to distinctly different.
The epolarizatiors and substitutions that occur between these subtypes are influenced by
factors such as the tissue environment, the presence of cytokines, and metabolic activity.

M1 macrophages

Classically activated macrophages, also known asnflenmatory M1 macrophages, fulfill a
pivotal function in host defense. These ceitssses the abilityto phagocytose pathogens,
participate in the inflammatory reaction, ancdontribute in the antitumor response. The
induction of these cells is primarityriven byan inflammatory cytokine environment, with
LCb! 0 Kdyyinducein Activation via pattern recognition receptors (PRR) is also very
important[111], which is discussed lateFhese activated macrophages target pathogens by
producing bactericidaleactiveoxygenspeciefROS) and nitric oxide (NO), which is produced
by inducible nitric oxide synthase (iINQB)1],[112] They amplify the inflammatory response
by producing inflammatory cytokinesincluding Imi 2-6, L-12, IH 0 X YR ¢bcCh
Furthermore,M1 macrophages are known to exhibit a high lesEpresentation of antigen
and costimulatory molecules CD80 and 6[13.3],[114]

M2 macrophages

Alternatively activated macrophages, also known as-mfltammatory M2 macrophages, play

a keyrole in regulating the inflammatory response, facilitating tissepair and promoting
wound healing. In contrast to the simplified classification of M1 macrophages, the spectrum
of M2 macrophages is considerably more intricate, encompassing four distinct subtypes: M2a,
M2b, M2cand M2d(Fig. 4)

M2a macrophages, which are considerbe true alternatively activated macrophages, are
predominantly implicated in wound healing due to their roleghe production ofprofibrotic
factors[115]. These cells are primarily stimulated by the presence of the cytokireaid I
13. Characteristic markersinderlying this phenotype includeginase 1 (Arg), macrophage
mannose receptor (CD206), CD163, transforming growth factor 6-¢ O E10, Lafd
chemokine € motif ligand 17 (CCLITI16],[117] In particular the M2aphenotype has been
observed to exhibit a negative regulatory influence on the M1 phenofyf8].

The M2b phenotype is referred to as regulatory macrophages, as it maintains the balance of
the pro- and anttinflammatory environment. These cells are induced by a combination of
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immune complexes and PRR agonists, such adikeolleceptor 4 (TLR4) and interleukin 1

receptor (ILLR). These cells are known to produce-pritammatory cytokines, such asnU X

Lc = YR ¢bCh3X (GK2dAK (G2 | f S&aa8NeSkhibihoh Ky
levels of antinflammatory cytokine H10 and lowlL-12 production[119]. Furthermore, the

expression of CD86, CCL1, and TNFSF14 (also known as the LIGHT molecule) has been
observed111],[120],[121]

Macrophages classified as M2c are also referred to as deactivating macropimalyesionof

these cells is facilitated by a high level e10, which they subsequently produce in significant
quantities in conjunction with TGF® ¢ K S  NXBndladmindtdryyaad plofibribtic effect is
attributed to the actions of these cytoking$17]. Moreover, these cells have demonstrated
high efficacy as phagocytes of apoptotic bodies, a feature attributable to the expression of the
Mer receptor tyrosine kinase (MerTK). They also expresslAf@D163, CD206, or CCR2
[117],[122]

M2d are more commonly referred to as "tumassociated macrophages" (TAMs). This
particular phenotype is induced by -stimulation of TLR agonists in conjunction with A2
adenosine receptor (A2R) agonists of6lLThese cells have been observed to produce
significant amountsof the cytokines H10, TGF = | Yy R @I 40dz | NJ SYyR2{(KS
(VEGF), while exhibitinglativelylower levels of the inflammatory cytokinesNl 212, larjd

CbChd ¢KAA LINBPFAES KlFa o06SSy akKz2gy G2 LINRY2I
tumor metastasigl117],[122] Additionally, these cells express characteristic M2 macrophage
molecules, such as Afig[123].

Beyond this more fundamental classification, a multitudeotifer more specific types of
macrophages have been identified, including Mhem, winaibeen shown to be inducible

by blood heme and exhibit atheroprotective propertidgox macrophages, on the other
hand, are induced by oxidized lipids and act as antioxidants dueld #dnd CO2 [124].
Finally, sympathetic neureassociated macrophages (SAMs) are a unique subset of
macrophages that reside along sympathetic neurons, where they likely play a crucial role in
regulating neurotransmitter concentration, as evidenced by tladdility to actively take up
norepinephring125].
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TRPV1 on immune cells

Although TRPVis a norselective channel, permeability to calciu®a&* cations plays the most
significan role in immune cells. Thesens functionas second messengerntributing tothe
activation of C&-dependent kinases and transcription fact§t26].

The role of TRPV1 as a nociceptor is well established artddragore been the focus ofnany

studies in various pathological conditions associated with gaRv],[128] and chronic

diseasesIn a model of chroniobstructive pulmonary disease, plant flavonoids have been

shown to reduce TRPV1 expression, leading to a concomitant decreaseiifl@namatory

cytokines Itmi ¢ LY R ¢bCh X | a ¢S {129] Additionally, in@GanguBe y i NI
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model of asthma, suppression of TRPV1 expredsasnbeen showito lead to reduced lung
inflammation[130].

In immune cells, the role of TRPV1 is best understood in T lymphod@yRés/1 activation
contributes to an increase in €axoncentrationafter TCR stimulatiobut also plays a role in
downstream TCRignaling[89]. Inhibition or knockout(KO)of TRPV1 results in impaired
nuclear factotkappalight-chainenhancer of activated B cells (NF. 0 =  Yagtivaged Sy
protein (MAP) kinase and nuclear factor of activated T cells (N$tgdglingfollowing TCR
activation[88],[131]¢ KA a4 NBadzt Ga Ay NBRAdzZOSR -mINEP RIdzOR Ad@b/C
[88],[89]. Further evidence suggests thater TCR activation, TRPStimulationis responsible

for shifting the balance of T helper (Th) 1/Th2 cells towards the-iafimmatory Th2,
through activation of the transcription factor NFAT8Z]. In summary gvidence suggests that
activation of TRPV1 in T cells attenuates theipftammatory response and supports the Th2
response, but there are also conflicting results. Bertin et al. show in their study that TRPV1
expressing CD4+ T cells are active in a rhotleolonic inflammation and colitis, and that
suppression of TRPV1 activity with an antagonist alleviated inflammation in their models
[88],[132]

In the context of DCs, the negative effect of TRPV1 activation on their differentiation and
maturation has been described. Furthermore, suppressed productiogtokines|L-6 and IL

12 has been documented, while amiflammatorycytokineslL-10 and TG¥F are increased
[95],[133] This suggests that in DCs, TRPV1 activation faaay an anttinflammatory
immune response.

In neutrophils, a functional TRPV1 response has been shown to inddtenflax upon
activation [91],[134] Mast cells show higher levels of TRPV1 in mastocytosis compared to
controls, suggesting involvement in mast gakdiated inflammation93]. However, in the
case of granulocytes, tHeeld of research is more uncharteth the case of B cells or NK cells,
the situation is perhaps even more unexplored, so more scientific publications are needed
before firm conclusions can be drawn.

TRPV1 on macrophages

There is a significant amount of literature investigating the effect of TRPV1 on the functionality
and the phenotype ofmacrophagesHowever, the findings from these studies are even more
conflicting than those from studies of other immune cell types. Some articles suggest a clear
pro-inflammatory role for TRPV1, while others label TRPV1 activity ajm#ammatory.The
expression of TRPV1 in mouse macrophages was first confirmed ifi9B)Jlahdits presence

in human macrophages wasknowledgedn 2022[97].

Initial studies indicated that TRPV1 activity was associated with-anflfasnmatory response.
Capsaiciractivated TRPV1 promoted neuroimmune interacitimat led to anincrease irM1
macrophage polarizatiof135]. Furthermore,in the same yearanother studywaspublished
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showing the antinflammatory effect of TRPV1 antagonists on lipopolysaccharide -(LPS)
induced inflammation in macrophag¢g6]. However, subsequent studies have revealed a
contradictory relationship, suggesting a potential anflammatory role for TRPV1n the
TRPVKOmodel,inflammatory macrophagenediated kidneyinjury wasexacerbated136].
Additionally, TRPV1 activation was found to redpoeduction ofi.c I YR ¢b Ch o6& YA
in a model of Alzheimer's diseag&37]. Anti-inflammatory properties have also been
demonstrated in microglia obtained from patients with multiple sclero&isnutation in the
TRPV1 gene that resulted in increased expression and activity of TRPV1 was found to reduce
the ¢ b ®roduction Moreover, pretreatment of microglia with a TRPV1 agonist led to lower
levels of Ilc | YR ¢ bimducediinflammatipr{138]. In a rat model of osteoarthritis,

when capsaicin was injected into the joint connection, a lower expression of M1 macrophage
markers (CD80,4&, INOS) was observed, as well as in capsadatimated TRPV1 macrophages
stimulated by LPS, but the expressionM2 markers remained unchangdd39]. Similar

results were previously observed by Bok et al. in a rat model of Parkinson's dibe#ss.

study, the authors observed a decrease in-prilammatory M1 markers ({1 26, iNGS) in
LPSnduced inflammation treated with capsaicin, accompanied by an increase in M2 markers
CD206 and Arg. The use of the antagonist capsazepine reverbedd effect§140].

However, there are more recent articlésat support the preinflammatory effect of TRPV1.

Zhang et al. published a paper that demonstrated the regulation of the NLRP3 inflammasome

by the influx of C# cations through TRP\[126]. In the case of Chikungunya virus (CHIKV)
infection, M1 macrophages are known to be activataxgdanincreased expression of TRPV1

has been confirmedlhe application of the agonist redfieratoxin has been demonstrated to

enhance the production of & YR ¢bCh > { KSNBO énflamizgaiy NBE O 2 NJ
function of TRPV1 in macrophadé41]. Moreover, inactivation of TRPV1 has been shown to
alleviateCHIKYinducedpain in murine model§l42].

The literature on TRPV1 role in immune responses is filled with conflicting results,cahich

be attributed to the use of whokodyKOanimals leadingto a loss of specificity in the results

on the role of TRPV1 in immune celés the loss of TRPMrimarily affects neurons
Additionally, he close cooperation between nociceptive neurons and the immune system
complicates the interpretation of these result$43],[144] Anotherimportant factor is the
timing of TRPV1 stimulatiorelative tothe course of the inflammatory responsEhe «isting
literature suggests that different results can be obtained based on the timing of TRPV1
activation, depending on whether it occurs before, during after the acute inflammatory
response Confirmationof this hypothesis would provide a promising therapeutic approach.

Cold adaptation

Studying cold as an opposite approach to mimicking warm stimuli may seem contradictory.
However, both processes share similar underlying mechanisms, although the results are
markedly different. The second part of my experimental work focuses on the resmdrtise
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immune system to coldcclimatizationand in this contextit is important to introduce some
basic knowledge about how the immune system adapts to cold exposure.

The immune system and the codinperature

During exposure of the organism to low temperatures, alterations occur in all tissues and
systems with the primary objective of maintaining constant homeostasis. This includes the
immune system, among other body systems, each of which must perform itgndesd
function. Consequently, the impact of cold is a subject of extensive research. The effects of
cold vary depending on the duration and intensity of the stimulus. Boéd exposurecan

elicit an acute stress reaction, while mild expostareold that persist$or an extended period

can induce a state of tolerance, adaptation, and subsequent acclimatization.

Variousmodels have been employed to investigate the impactosf temperatureon the
immune systemCold has been demonstrated to influence the development and subsequent
survival of insects, as well as their reproductaaility [145]. In the fruit fly Orosophila
melanogaste), cold alone is sufficient to activate the immune system, but only to the extent
that it compensates for cold damage and can effectively defend against pathfisisin

the context of fish, temperature plays a pivotal rola.tilapia (Oreochromis aurejisacute
cold stress has beeshown to suppress leukocyte phagocytic activity amtluce an
immunosuppressive statd47]. Inpufferfish (Takifugu obscuryslow-temperature exposure
has been observed to induce oxidative stress, apoptosis, and DNA d§id&jeA decrease

in the total number of leukocytes has been observed in common @yprinus carpig [149]

and in orangespotted grouper Epinephelus coioidg$150]. Coldtemperatureshave also
been shown to exert an immunosuppressive effect on amphibiamsaking them more
susceptible to fungal infectiof151]. In summary,it can bepositedthat ectothermic animals
utilize ambient temperature to effectively modulate the immune system, a strategy that is
particularly advantageous to them at a given momeHbwever, it is noteworthy that
pathogens and parasites have evolved analogous mechafis#p

In endothermic animals, maintaimy core body temperaturés crucial which may lead to the
assumption that the immune system is not directly impacted. However, this assertion is not
entirely accurate. The objective of this study is to elucidate the impact of altered
temperatures, stress, and altered neuroimmune pathwaysimmune function. Ambient
temperature does not exert an influence on the prenatal development of the immune system.
It is primarily postnatal environmental conditions and physiological responses that shape
immune function and adaptation to temperature chandé83]. Forinstance,birds that do

not migrate face the challengef allocaing more resources toward thermogenesis to
maintain body temperature or toward immune system functions to protect against infections.
Exposure to cold has been demonstrated to disrupt metabolic balance and slow the natural
immune response of these animals.igtradeoff can have significant implications for their
survival and overall health, as they must balance energy expenditure for thermoregulation
with the need to mount an effective immune defense against pathofEs4]. In general, cold
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stress has been shown to have a negative effect on the immune sybtemats, shorterm

exposure to low temperatures has been documented to induce suppression of innate
immunity [155],[156] dysregulation of adaptive immunitgnd decreasan regulatory T cells
(Treg)[156]. Belay et al. concluded that cold stress increases susceptibility to infection and

that the immune system responds by inducing a-prilammatory responserhis response is
characterized by an increase in the production of NeyILXc XL [ YR ¢bCh o6& YI O
[157]. Simlarlys  { t ¥5l6ri &thl. also observed increased levels of inflammatory cytokines

after exposure tocold in the pulmonary arterial hypertension modgl58]. An increased
susceptibility to infection has also been described in humargere exposure to cold alters

nasal antiviral immunity159].

Longterm cold exposurghowever, tends to induce aninflammatory immune phenotypes,
such asvi2 macrophagesind Th2 immune respon$&60]. The M2macrophageghenotype is
facilitated by Ik4 produced by eosinophils and innate lymphoid cells 2 (ILT&)]
Macrophages then exert regulatory functions on spleen ¢&B&] and stimulateTh cellsto
produce regulatory cytokinefl63]. This results in alecrease in theproduction of pre
inflammatory cytokines, such asn | -¢7Racdorppanied by the induction of1D[164].

Mild cold acclimatization has been shown to mitigate the detrimental effects of acute cold
stress, as seen imroilers, where it attenuated intestinal inflammation and immune
dysfunction[165],[166] The protective effect of cold acclimatization has also been described
in the context of cardiac muscle in a model of myocardial infardtié@]. Furthermore, cold
exposure has been shown to drive immunological reprogramming that protects against
central nervous system autoimmunif¥68]. Additionally,cold-activated BAhas beershown

to facilitate glucose uptake, thereby slowing tumor groViil69]. Thesefindingssupportthe
hypothesis that acute cold stress exerts a detrimental effect, while mild cold adaptation
confers a beneficial effect.

The scientific literature contains only a limited number of studiesthe effect of cold
exposure on the immune system in humans. However, a substantial body of research has been
dedicated to comparing various physiological aspects, hormone levels, and metabolic
functions. The human physiological response to cold expoBasebeen comprehensively
delineated[170]. Notably, these studies are predominantly conducted in athletes, where the
relationship between physical activity and cold adaptation has been a research subject
[171],[172] Previous studies have suggested that prolonged exposure to low temperatures
may result in an increase in the number of B and T £EM13]. It is now well establishethat
exposure tocoldinduces human Tred474]. Furthermore, regular exposure to cold showers

has been shown to enhance both humoral and-oeddiated immunity, increasing levels of
immunoglobulins and cytokines-BLand IE4[175].! &a G dzRé o6& 5dz3dzS FyR [ S
that habitual winter swimmers exhibited a decrease in-ffced releasef IL-m | I §R L]
[176]. However, it should be noted that thesgytokine levels remained unaltered in the
absence of stimulatiof77]. The collective findings of these studies suggest a beneficial effect

of cold adaptation on the human body and its immune system. However, it is important to
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note that extreme physical activity in demanditigermal conditions can be detrimental to
health[178]. However, research on the effects of regular cold immersion has yielded equivocal
results[179]¢[181]. This variability can be attributed ®ubstantial differences in participant
demographics and study methodologies

Immune cells involved in cold adaptation

In this chapter, the focus will be dhe individual types of immune cells and their influence

on the beiging of adipose tissue, BAT activation, and thermogenesis itself. The induction of
beigng and the thermogenic effect of BAT are influenced by various tgp@mmune cel,
including macrophages, eosinophils, ILC2, mast cells, Tregs, and invariant natural killer T (iNKT)
OSfttad ¢KS TFdzy RFI'YSYy il f Ay Ti difedfdestribedIyp¥ Y |

2 cytokines have been identified be of particular importance; however, the role of cytokines
IL6,IL-17F YR ¢bCh Aa faz2z aAAIYATFTAOLIYylo®

Activated INKTs in adipose tissue have been shown to maintain aAn#amhmatory
environment by producing 4, 11:10, and k13, thereby inhibiting pranflammatory cell
infiltration. The influence of INKTs extends to Treg callth IL-2 productionplaying a pivotal
role in this procesfl82]. Furthermore, these cells contribute to the beiging and activation of
adipose tissue through the regulation of fibroblast growth factor 21 {FGQFL83]. This factor

is also produced in adipose tissue by thermogenic adipocytes and is regulated by
noradrenergic signaling and thermogenic gene expreq4id4]. Moreover, FGR21, produced

by adipocyteshas been reported to increadbe expression oCCL11, which is a significant
eosinophil chemoattractanf160]. The attraction of eosinophils is also ensured|b@2by
producing IL-5, whichrespondsto IL-:33 produced by stromal celld85]. Activated ILCs2
produces 5, which is essential for eosinophils. Furthermdte&;sZecrete the methionine
enkephalin peptide, which acts directly on adipocytes and induteBlexpressior{186]. In
turn, eosinophils produce 4&, 11-:13 and mainly K4, which seems to be the most important
cytokine during thermoregulatiorit is not only used in the induction and maintenance of M2
macrophages, but it also participates in the proliferation and differentiation of adipocyte
precursors to the beige thermogenic tyfiE51],[187] Treg cells also influence adipose tissue
thermogenesis by supporting the M2 macrophage phenotygp®l the expression of
thermogenic genes in adipocyt¢$88]. The expansion of these cells within adipose tissue
dependson IL-33, whichbinds tothe ST2 receptofl89]. The negative regulatory function is
performed by mast cells, which secrete serotonitmus impeding the differentiation of
adipocyte precursors into beige thermogenic cg180].

Macrophages

Nguyen et al. initially postulated that macrophages in adipose tissue, under the influence of
IL-4 in cold conditions, directly produce NE and thus induce thermogenesis in adipocytes
through adrenergic signaling91]. However,a subsequent study by Fischer et al. provided
evidence that M4 does not stimulate resident macrophages in adipose tisshas
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invalidating the initial assumption that M2 macrophages influence thermogenesis through this
mechanism[192]. A subsequent study by Pirzgalska et al. revealed the discovery of SAMs.
Although these macrophagesinnotproduce NE, they have been shown todide to takeit

and degrae it. This finding suggests that the SAM subtype of macrophages plays a regulatory
role in NE levels, thereby affecting thermogenic activifig®5]. Another neuroimmune
mechanisminvolvesthe ability of macrophages to support sympathetic innervation of BAT,
thus increasing its thermogenic capadit93].

A multitude of additional studies have indicated the significance of macrophages in non
shivering thermogenesis. O such mechanissinvolvesii KS LINR RdzOG A2y 2 F t
[194], a crucial factor in UCP1 expression and the differentiation of brown and beige
adipocyteq27]. Another molecule produced by macrophages that regulates the expression of
thermogenesis genes is the chemoki@x-C motif ligand (CXCL) JRemarkably, this
chemokine is produced in adipose tissue by M1 macrophaffes i -adrenergic signaling,
thusinducing the expression of UCP1 in adipocy1€5]. In M2 macrophageshe detection

of another molecule that activates thermogenesis waade,the macrophage cytokine Slit3.
This moleculeis a key factor in the macrophageSlit3sympathetic neurogadipocyte
signaling axisfunctioning as a regulator of loftgrm cold adaptatiorf196]. Additionally, M2
macrophages exert aeurondependent influence on thermogenesis by suppressing the
expression of the transcription factor Ets1 in adipocytes, which facilitates the beiging process
[197]. However, it should be noted thahe extent of macrophage involvement in adipose
tissue remodeling remains debate®oulet et al. argue thathe direct involvement of
macrophages is not essential for the formation of thermogenic adipocytes. However, they
admit that during prolonged cold exposure, the M2 population is enriched in BAT, which
ensures better remodeling and significant homeost§&#8]. Another important function of
macrophages in BAT is their ability temove extracellular vesicles containing oxidatively
damaged mitochondrial components, thereby preventing disruptions in the thermogenic
program[199]. The remodeling of human adipose tissue by macrophages after cold exposure
was further documented by Finlin et al. In this studgwever, the authors did not identify
macrophages as direct initiators of thermogenesis. It is noteworthy that in this publication,
the authors observed the presence of UCP1 in CEpb8&ive macrophagel00].

Gamma delta T cells

1 1 celtsare a small population of invariant T lymphocytieat expressi KS *+ + ¢ OSf f
(TCR). Although thearein a minority in the body (less than 5% of T dellseripheral blood),

their role in defense is considerablEheir frequency increasespecially in peripheral tissues,
where it reaches up to 50%otably, these cells are capable of rapid immune responses,
recognizing antigens presented by nolassicaMHC molecules, lipid antigens presented by
CD1d, or various phosphoantigens or pyrophosphate molecules presented by butyrophilin or
butyrophilin-like proteins. Additionally, these cells also express TLRs and NK cell activating
receptors. Their response sembles that of innate immunity rather than that of adaptive
lymphocyteq201],[202]
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Two distinct mechanisms have been elucidated through which these cells contribute to
thermogenesis in adipose tissue. The initial mechanisescribed byKohlgruber et al., is
basedon the production of WM T ! | YR &¢ b @M Thes® &tbkindsdinduce the
production of IE33 by stromal cellsyhichin turn promotes the proliferation of Treg cells and
activates ILCZEurthermore,it has been observed that these cytokines exert a direct effect on
adipocytes during periods ekposure to coldeading toincreasecexpression of thermogenic
genes andhoseinvolved in lipid breakdow(iL89].

The second mechanism described by Hu et al. is the productital@F, another isoform of

IL-17. This cytokine exerts its influence on stromal cediggeringthe production of TGF &

The resulting increase in TGF  S@h&ntelsympathetic innervation of BABubsequent

release of NE from sympathetic nerves induces -sbivering thermogenesig203].

Additionally, the direct role of TGF NB OSLIJi2NBE Ay NBIdz I GAy3T 06SA
documented[204].

However, an alternative set of results was obtained by a different research group. Teijeiro et

al. demonstratedhat inhibition of [l-17A signaling also induces thermogeneSigthermore,

deletion of the ILL7RA receptor has been shown to increase UCP1 expression in adipose tissue
[205]. A potential explanation for these discrepancies may reside in the temperature
conditions under which the experimental animals are maintained and the extent of cold
exposure that stimulates neshivering thermogenesis. the Teijeiro model, control animals

were maintained at a room temperature of 200 ¢/ ¥ KA OK Aa O2YLJI NI of
at which mice experience cold stress. In contrast, Hu et al. and Kohlgruber et al. kept control

mice at a thermoneutral temperatureofn ¢/ ® | y2 (i KSNJ Is)geaédotha | £ SEL
mechanism of signalinga IL-17 receptors, which are known to exhilsignificant variability

[206]. 5SaLIAGS GKS&AS O2yFtAO00Ay3a NBadzZ §axz GKS
thermogenesis is widely accepted. However, these disparate results underscaneetéor

FdzNI KSNJ NBaSIFNODK FyR St dzOARF{GA2Y 2F GKS YSOF
thermogenesis.
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Inflammation

The study of thermogentimuli iscrucialfor understandinghe mechanisms of temperature
changes and theinfluence on the immune system. However, the results obtained during the
induction ofa"danger” or infection are indispensable for elucidating the functionality of the
immune system in these states. In the experimental section of this study, the induction of
inflammation by TLR ligands was utilized to activate the immune system. In thisHager

of the introduction, the topic of inflammation and its triggering by TLRs will be addressed.
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A precise and universally accepted definition of inflammation remaipsecise and debated
Inflammation can be conceptualized as a series of defensive responsewliiatprotective,

may also cause harm to the individultlis a comprehensive mechanism encompassing natural
immune processes that predominantly respond to tissue damage caused by pathogenic
agents. These agents encompass a wide spectrum of biological entities, including viruses,
bacteria, yeasts, and funggs well as eukaryotic protozoa and multicellular parasites.
However, inflammation also plays a role in antitumor immumitd autoimmune diseases.
Additionally, there is a distinct category of sterile inflammation, a form of pathdgsn
inflammation triggered by mechanical trauma, ischemia, stress, or environmental factors such
as ultraviolet radiationf207],[208] The initiation of inflammatory pathwaysequirestheir
activation, which is typically accompanibgrecognition of danger.

Pattern recognition receptors (PRRS)

PRRs are responsible fdangerrecognition. These receptors are predominantly present in
cells of innate immunity; however, they are also found in cells of adaptive immunity, epithelial
cells, endothelium, fibroblasts, and astrocy299],[210] These receptors are capable of
recognizing two distinct classes of molecules. The first class of molecules are pathogen
associated molecular patterns (PAMPSs), which are associated with microbial pathogens. The
second class consists of alarmins, which acgertommonly referred to as damage/danger
associated molecular patterns (DAMPs). DAMPs are associated with host cell molecules that
are released upon damage or during cell death. According to their localization, PRRs are
classified into two distinct categies: membraneébound and cytoplasmic. Cytoplasmic PRRs
include NOBElike receptors (NLR) and RIM&ke receptors (RLR). The most welbwn and

least wellstudied NLRs are NOD1 and NOD2 receptors, which recognize components of
bacteria[209],[210]RLRs primarily function in antiviral signaling, and their activation results

in the release of prénflammatory cytokines and type | IHR10]. Membranebound PRRs
encompasd LRs and-pe lectin receptors (CLR§)LRs are predominantly utilized in fungal
recognition; however, other PAMPs capable of their activation have also been identified. The
most prominent among these are the mannose receptor and Dectin 1 §2@92,[210] TLRs
represent the most extensively studied group of PRRs, and since their stimulation was the tool
for inducing inflammation in the experimental part of the dissertation, their more thorough
examination is reserved for the following chapter.

Tolkike receptors (TLRS)

TLRs were discovered as homologoésioll receptors folinnate immunity in drosophila.
These receptors contain a conserved extracellular domain characterized by a high density of
leucinerich repeats, which facilitates the recognition of distinct PAMPs and DARRE To

date, 10 human and 12 mouse TLRs have been identified. These TLRs have beerdioeurd to
both in the cell membrane and in intracellular vesicles, depending on the specific type of TLR
in question. These receptors form homodimers or heterodimers, which is a critical step in the
recruitment of adapter proteins and subsequent signaling pathways. Twalsig pathways
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have been identified: the myeloid differentiation primary response 88 (Myli@gendent

pathway and the THRomaincontaining adapteinducing interferon 0 ¢deperdent

pathway. The MyD88ependent pathway isisedby all types of TLRs except TLR3. The TRIF
dependent pathway is utilized by TLR3, though it can also be employed as signaling through
TLRA4. The process is further facilitated by the involvement of additional adapter proteins and
kinases, ultimately culmating in the binding of the transcription factor NF. YR AGa
subsequent translocation to the nucleus. Inthe nucleusiNF A Yy Rdz0S& G KS SE LINX
inflammatory cytokines. In the case wirusesrecognizingTLRsthe transcription factors

interferon regulatory factor (IRF) 3 and 7 are activatasinghe transcription of type | IFN
[209],[210],[212] Individual receptors, along with their localization, ligands, and adapter
pathways, are illustrated in Figure 6B. The signaling pathways are simplified in Figure 6A. The
subsequent introduction will focus on TLR2 and TLR4, which were utilized to induce
inflammationin the experimental section.

TolkHike receptor 2 (TLR2)

TLR2 is expressed on the cytoplasmic membrane of nearly all types of immune cells, including
Y2y20eiSas YIONRBLKIISas 5/ a3 3ANIydzZ 208i6Saz b
cells. It has been observed to recognize a variety of moleculesdinglglycolipids and

teichoic acid of Grarpositive bacteria, yeast zymosan, and lipoproteins of Mycoplasma.
Notably, TLR2 frequently forms heterodimers with TLR1 and TLR6. Upon recognition of
PAMPs, innate immune cells trigger phagocytasid the production of preinflammatory
Oeili21AYySasz A6 D8 daRkly. Bynthdiicipopeptid¢s, such as Pam2CSK4, are
frequently utilized to stimulate these processes in laboratory settj2g9],[210],[212],[213]

Tolkike receptor 4 (TLR4)

This receptor is the most extensively studied and described of the TLRs. It is predominantly
located on the cytoplasmicnembrane;however, it can undergo internalization, thereby
participating in signaling that results in the production of type | interferdrigee most wel

known natural ligand of TLR4 is LPS, a significant componéme gfamnegative bacteria,
whose binding is facilitated by the CD14 molecule. However, it is important to note that TLR4
can also be activated by a number of DAMPs. Its expression is predominantly observed in
myeloid cells, such as monocytes, macrophaged,2@s, although it is also present in B cells
and certain T lymphocyteddditionally TLR4 can be found in epithelial and endothelial cells.

Its expression has been confirmed in many types of tissues, including muscle, brain, liver, lung,
and adipose tissue. Activation can be conducted through both the Myded&ndent
pathway and after regptor internalizationthrough the TRIFlependent pathway. In both
cases, relevant transcription factors are activated, which, in the case of the Myé&pehdent
pathway, are NF . | ylSubsequently, theseanscriptionfactorsinduce the expression
ofproA Y FE I YYIF 2 NB Oe (21 %yasSwel as iypzOIKFN | Irithe €dseCof thel v R
TRIFdependent pathway, type | IFN and chemokines thetivateinnate immunity and Thl
adaptive immunity are producef@09],[210],[212],[214]
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Fig. 6 (ALocalization and signaling pathways of Ttk receptors (TLR). TERIR2 and TLR4

TLR6 are found mainly on the cytoplasmic membrane, where they recognize membrane
components of pathogens, while TLR3 and T.&® localized in endosomes, where theylbin
nucleic acids. TLR4 can also be endocytosed into endosomes. After binding of the respective
ligands to TLRs, TLRs signaling is initiated by receptor dimerization, which leads to the
involvement of the adapter proteins MyD88 (in the case of -MLRR and’LR49) or TRIF
(TLR34). Subsequent MyD&&pendent signaling pathways lead to the activation of the
transcription factors CREB, AP1, and mainlf NFX g KA OK Ay Rdz0OS&a- (UKS
inflammatory cytokines. The TRIEpendent pathway activates theammscription factories

IRF3 and IRF7, leading to the induction of Type I IFN. Other proteins involved in signaling
pathways are also shown in the diagram. Taken from Duan et al. ¥ (B) Table of
TLRstheir cellular location, adaptor protein and major ligands with their source. Taken and
adapted from Vijay 201R12]

TLR2 and TLR4 in temperature regulation

The expression of both TRRnd TLR#as been documented in adipose tissue. It has been
observed that stimulation of these TLRs can exert apposite effect on adipogenic
differentiation [215]. Moreover, TLR4 activation has been proposed as a potential disruptor
of adaptive thermogenesi§216]. Furthermore, mice deficient in TLR2 or TLR4 have
demonstrated altered thermogenedig17]. It wasreported that the activation of TLR4, TLR2,
and NOD1 leads BATo decreasedJCPZExpressiorand decreased mitochondrial biogenesis
[218],[219] On the contrary, inhibition of TLR4 signaling has been shown to promote beiging
of adipose tissu¢220]. Furthermore, activation of TLR4 in eosinophils in adipose tissue has
been shown to negatively affect their production of Th2 cytokines and the promotion the M2
phenotype of macrophagg@21]. Collectively, these observations indicate that inflammation
induced through TLRs may exert a regulatory influence on thermoregulatory activities.

In addition, previous chapters have delineated the impact of cold exposure on immune and
inflammatory responsest is also noteworthy that cold has been observed to affect platelets
during storage, leading to a decrease in TLR2 and TLR4 expf{@22pin the context of the
airways, exposure to cold air has been demonstrated to influence TLR4 activation, resulting in
enhanced mucin secretiorj223]. Furthermore, coldexposure associated with TRPV1
capsaicirmactivation, increased TLR2 and TleRRgressionn a rat model of colorectal cancer
[224].

The interplay between TLR4 and TRPV1 has been identified as a contributing factor to
neuropathic pain225]. The hypothesis that L”sSimulated TLR4 modulates TRPV1 channel
sensitization has been proposgP6]. Neuronal research suggests that there is an interaction
between TLR4 and TRPV1 thadsto modulation of LP$duced inflammation by TRPV1
[227] and vice versd228]. This is particularlyelevantin light of the contradictory results
observed in studies examining the role of TRPV1 iAndR@ed inflammation in macrophages
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[96],[126],[137],[138] Unraveling the role of this temperature sensor appears to be of
paramount importance.

By elucidating mechanism of regulation, it may be possible to modulate the TRPV1 channel,
thereby affecting TLéhduced inflammation and neuropathic pain. Similarly, the study of cold
exposure and its effect on the immune system, either as a mediator of thermogenesis
induction or as an altered immune response to -iidRiced inflammation, is extremely
important. These are intricate mechanisms involving interactions between the nervous and
immune systems, the understanding of which may lead to applications in clinical medicine.
During my doctoral studies, | concentrated on these mechanisms and endeavored to
contribute to their comprehension.
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Alms

The objective of this study is to broaden the general understanding of the impact of
thermogenic stimuli on the immune system and its respon8srimary research, this study
provides insights that may guide future clinical investigatitmsrder to address the interplay
between temperature regulation and immune function, the present study focuses on two key
aspects. Firstly, the role of the higmperature receptor TRPV1 in immune responses is
examined. Secondly, the impact of cold cdimis on immune cell adaptation and
thermogenieimmune interactions is investigated.

1) To ducidate the impact ofactivation ofthe hightemperature-
dependentTRPV1 channel in macrophages

The objective of this study is to investigate the potential implications of TRPV1 activation
in macrophages, with a focus on its rolethe regulation ofimmune responses and the
associated macrophage phenotype (M1/MZhis work is based on the presence of conflicting
data in the literature on this topicTo induce an immuneesponse, an inflammatory
environment will be created using the TLR4 ligand IR&.specific objectives of the study
were as follows:

la) Toexplore the expression of TRPV1 chanimemacrophages and itsapsaicin
activatedsignaling pathways

1b) To determine the phenotype of macrophages after TRPV1 stimulation at
various time points

1c) To test TRPV1 stimulation in LRStivated macrophages with the aim of
determining the conditionghat promote phenotypic shifts

2) To elucidate the alterations in the immune system in responsecald
exposure

In this study, we employed a losigrm rat model of mild cold acclimagtion to
comprehensively examinghanges in themmune system at multiple time points)cluding
both shortterm and sustained responses. Tiiemaryaims of this study ere two: first, to
expand the existing body of knowledge about the immune mechanisms that contribute to
the physiological response to cold exposure and second, to provide a comprehensive
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description ofchanges in themmune systenat different time pointsafter acclimatzation
to low temperature The following specific objectives were thdefined

2a) To describe immune changes at the systemic and local level during cold
acclimatization

2b) To uwcover key immune regulators involved in the induction of
thermogenesis

2¢c) To verify the data obtained from the rat model in human volunteers

2d) To assess theimpact of TLR2Znduced inflammation on the cold
acclimatization process in adapting animals.
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Results

The thesis is based on the following publications:

I. Vasek DFikarova N, Markova VN, Honc O, Pacakova L, Porubska B, Somova V, Novotny
J, Melkes B, Krulova Mipopolysaccharide pretreatment increases the sensitivity of
the TRPV1 channel and promotes an aimflammatory phenotype of capsaicin
activated macrophages J Inflamm (Lond). 2024 May 24;21(1):17. doi:
10.1186/s1295024-003910. PMID: 38790047. (IF=5.1)

lI. Vasek D Holicek P, Galatik F, Kratochvilova A, Porubska B, Somova V, Fikarova N,
Hajkova M, Prevorovsky M, Zurmanova JM, KrulovdnMnune response to cold
SELI2adaNBY w2t S 2-mediated intam@efidn Edr J Imgfidhol. @)24v H
Jul 10:e2350897. doi: 10.1002/eji.202350897. PMID: 38988146. (IF=4.5)

Other impacted publications (not included):

1 Porubska ByYasek D Somova V, Hajkova M, Hlaviznova M, Tlapakova T, Holan V,
Krulova M.Sertoli Cells Possess Immunomodulatory Properties and the Ability of
Mitochondrial Transfer Similar to Mesenchymal Stromal Cel&tem Cell Rev Rep.
2021 Oct;17(5):19051916. doi: 10.1007/s1201621-101979. Epub 2021 Jun 11.
PMID: 34115315. (IF=4.8)

1 Vegrichtova M, Hajkova M, PorubskaM&sek D Krylov V, Tlapakova T, Krulova M.
Xenogeneic Sertoli cells modulate immune response in an evolutionary distant
mouse model through the production of interleukiiO and PBL ligands expressian
Xenotransplantation. 2022 May;29(3):e12742. doi: 10.1111/xen.12742. Epub 2022
Mar 16. PMID: 35297099. (IF=3.9)

1 Porubska B, Plevakova M, Fikarovavidsek D Somova V, Sanovec O, Simonik O,
Komrskova K, Krylov V, Tlapakova T, Krulova M, KruloVadviapeutic potential of
Sertoli cellsin vivo: alleviation of acute inflammation and improvement of sperm
guality. Stem Cell Res Ther. 2024 Sep 4;15(1):282. doi: 10.1186/s0228B8979.
PMID: 39227878IF=7.9)

L O2yFANX GKIFG 5FyASt 0SS GKS I dziK2NJ 27
LJdzo f AOF GA2ya fAAGSR 06208Sd 5 yASt +| OS] 02y
significantly contributed to the manuscript preparation in the case of hig-dushor

publication.
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|. Lipopolysaccharide pretreatment increases the
sensitivity of the TRPV1 channel and promotes an
anti-inflammatory phenotype of capsaiein
activated macrophages

A review of the extant scientific literature reveals a certain degree of inconsistency in the
results of studies that have investigated the role of TPRV1 in macrophages. The effect of TRPV1
activation on the inflammatory response suggests both aral anttinflammatory effects. In

order to elucidate the immunomodulatory mechanisms, we investigated how the TRPV1
agonist capsaicin influences the pgrdlammatory macrophage phenotypes induceg IbPS.

We alsoaimed to address the temporal sequence of stimulationased onpreviously
published studies and their conflicting conclusiove determined changes in surface and
intracellular molecules, cytokine production, and signaling cascddesing to the
macrophage phenotype M1 or M2. To this end, we employed two distinct sources: the
macrophage cell line J774 and bone marderived macrophages. Both cell types were
treated with capsaicimefore, simultaneously, and aftehe inflammatory response induced

by LPS, a TLR4 ligand. The functional capacity of macrophages was also assessed by infecting
stimulated macrophages with the intracellular paraditeishmania mexicand he results of

this study demonstrate that TRPV1 activation elicits distinct macrophage responses influenced
by the inflammatory context. LPS pretreatment followed by capsaicin activation prompted
increased calcium influx, accompanied by a shift towandaatrinflammatory M2blike
polarization state. These findings underscore the contisfiendent immunomodulatory role

of TRPV1 in macrophages by capsaicin in an inflammatory setting and offer novel insights into
its potential as a therapeutic target foné treatment of inflammatory diseases by promoting

an antiinflammatory response.
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Lipopolysaccharide pretreatment increases =
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phenotype of capsaicin-activated
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Abstract

Background The transient receptor potential vanilloid 1 (TRPV1) is well-established in neuronal function, vet
its role in immune reactions remains enigmatic. The conflicting data on its inflammatory role, suggesting both
pro-inflammatory and anti-inflammatary effects upon TRPYT stimulation in immune cells, adds complexity. To
unravel TRPY1 immunomodulatory mechanismes, we investigated how the TRPV1 agenist capsaicin influences
lipopolysaccharide (LPS)-induced pro-inflammatory macrophage phenotypes.

Results Changes inthe surface molecules, cytokine production, and signaling cascades linked to the phenctype
of M1 ar M2 macrophages of the 1774 macrophage cell line and bone marrow-derived macrophages, treated

with capsaicin before or after the LPS-induced inflammatory reaction were determined. The functional capacity of
macrophages was also assessed by infecting the stimulated macrophages with the intracellular parasite Leishmania
mexicand.

Conclusion Our findings reveal that TRPV1 activation vields distinct macrophage responzes influenced by the
inflarmmatory context. LPS pre-treatment followed by capsaicin activation prompted increased calcium influx,
accompanied by a shift toward an anti-inflammatory M2b-like polarization state
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Introduction

The transient receptor potential vanilloid 1 (TRPV1) is
a non-selective cation channel associated with pain sig-
naling and newrogenic inflammation [1, 2]. Neverthe-
less, accumulating evidence suggests that TRPV1 is also
involved in many other processes such as insulin sensi-
tivity, airway hypersensitivity, urinary bladder functions,
and notably, regulation of the immune response [3-7].
Activation pathways of nociceptive TRFV channels
in neurons have been widely studied [8—10], but their
exact role in immune cells remains largely unknown, and
moreover published results are often contradictory.

Various endogenous and exogenous molecules inter-
acting with the TRPV1 have been identified. Namely
inflammatory molecules [9], cytokines, hormones [5,
11], opioids [12], growth factors, and miRMNAs [13], along
with mechanical stimuli, UV radiation, decreased pH,
and increased temperature [14]. Among numerous exog-
enous modulators, resiniferatoxin, capsaicin or its antag-
onist capsarepine are well established [15]. The broad
spectrum of TRPV] modulating molecules indicates a
complex regulation of its action, and, indeed, TRPV1 has
been demonstrated to be an active player in the pleio-
tropic immune network. Regarding the role of TRPV1
in the immune system, its activation was initially asso-
ciated with the induction of an inflammatory response
[168]. However, later studies showed that TRPV1 stimula-
tion at the site of ongoing inflammation suppressed the
pro-inflammatory effect or even led to the production of
anti-inflammatory cytokines. In addition, TRPV1 antago-
nists were able to suppress the release of inflammatory
molecules in a LPS-mediated inflammation in murine
macrophages [17] and TRPV1 knockout mice showed
an aggravated inflammatory response after LPS injection
[18].

The expression of TRPV1 has been confirmed in
various immune cells, induding T lymphocytes, mac-
rophages, natural killer cells, dendritic cells, and neutro-
phils [10]. Unfortunately, the role of TRPV1 activation in
individual immune populations remains controversial.
For example, activated TRPV1 channel regulates the level
of intracellular calcium in T lymphocytes, playing a key
role in TCR signaling, and possibly participate in T cell
development in the thymus [19, 20]. On the contrary, oral
administration of capsaicin suppressed the activation of
autoreactive T cells in the pancreatic lymph nodes and
protected mice from the development of type 1 diabe-
tes. This suppression was specifically mediated through
macrophages [21]. Furthermore, the contribution of TRP
channels to the macrophage polarization into the alter-
native M2 phenotype has been documented [22]. An
important role for antigen- presenting cells was shown in
mice with TRPV] gain-of-function mutation. Duo et al
(2020) demonstrated that a constitutively active TRPV1
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channel exacerbated DSS-induced colitis, and conse-
quently, patients with IBD showed significantly enhanced
expression of TRPV1 protein in infiltrating immune
cells in the lamina propria of the inflamed colon [23].
Yet another important role of TRFV1 function in can-
cer growth and metastasis has also been documented; it
can promote or suppress cancer cell death, depending on
the type and environment [24]. The crucial role of mac-
rophages in cancerogenesis has been shown in a mouse
model of colorectal carcinoma, where gain of function
of TRPV] increased tumor incidence and burden. The
effect of TRPV1 overexpression on the M1/ M2 pathways
was confirmed, creating a deleterious microenvironment
for tumorigenesis [25].

Together, the current research confirmed TRPV] as an
important physiological and pathophysiological mole-
cule that significantly regulates macrophage function. To
clarify the role of TRFV1 in the inflammatory response,
in the present study, macrophages were stimulated
with capsaicin simultaneously, before or after the LPS-
induced inflammatory response and signaling cascades
and various markers and functional properties associ-
ated with the phenotype of M1 or M2 macrophages were
determined.

Materials and methods

Culture and stimulation of J774 and BMDMS

Experiments were carried out using the J774.2 murine
macrophage cell line originally derived from BALB/c
mouse (J774 Sigma-Aldrich, St. Louis, MO, USA) or
bone marrow (BM)-derived macrophage differentiated
from BM isolated from BALB/c mice of both sexes, aged
8-12 weeks (AnLab, Prague, Czech Republic). BM was
cultured in Dulbecco's Modified Eagle's Medium — high
glucose (DMEM; Sigma-Aldrich) with 20% M-CSF-
conditioned medium (M-CSF-conditioned mediom
was collected from L929 M-CSF cell line) for one week;
afterwards, macrophages were used in experiments. J774
(2,5%10% cells/ml) or BM-derived macrophages (5 10°
cells/ml) were cultured in a volume of 1 ml DMEM sup-
plemented with 10% fetal bovine serum (FBS; Sigma-
Aldrich), antibiotics (100 pg/ml streptomycin, 100 U/ml
penicillin} and 10 mM HEPES buffer (hereafter called
‘complete DMEM') in 24-well tissue culture plates (Munc,
Roskilde, Denmark). Capsaicin (10 pM; Sigma-Aldrich)
was used for TRPV1-dependent activation as is rou-
tinely used [26, 27]. Lipopolysaccharide (LPS; 1,25 pgf
ml: #FL2880; Sigma-Aldrich) was used for the induction
of immune responses. The concentrations and times of
stimulation were tested and selected according to cali-
bration and kinetic experiments. The preincubation was
set for 4 h and the stimulation varied among methods. In
detail, 5 minutes for the study of MAP kinases phosphor-
ylation, 10 min for the translocation of ERK1/2 into the

45



Vatek et al. Joumal of inflammation (2024) 2117

nucleus, and 24 h for microscopy, PCR, ELISA, and flow
cytometry (48 h for LIGHT, CD206, Mgl2 and CD163).

Immunostaining of J774

Stimulated J774 cells (1,5 10? cells/ml) were cultured in
24-well tissue culture plate for 24 h. Cells were washed
in PBS and fixed with 4% paraformaldehyde in PBS for
10 min, then washed in PBS and stained with Wheat
Germ Agglutinin 647 (1:200; Thermo Fisher Scientific,
Waltham, MA, USA) for 10 min at 37 "C. Subsequently,
cells were washed in PBS, permeabilized with 0,1% Tri-
ton X-100* in PBS and blocked with 1% BSA and 10%
donkey serum for 1 h at 37 "C. The cells were then
washed in PBS and stained for 1 h at 37 °C with rabbit
anti-mouse TRPV1 antibody (ACC-030, 1:200; Alomone
Labs, Jerusalem, Israel), which has been validated using a
KO mouse model [28] After washing in PBS, cells were
stained with the secondary donkey anti-rabbit IgG anti-
body Alexa Fluor Plus 488 (1:300; Thermo Fisher). Sam-
ple mounting with nuclei staining was performed using
Ibidi mounting medium with DAPI ([BIDI, Grifelfing,
Germany). The samples were observed with Carl Zeiss
LSM 880 NLO microscope (Zeiss, Oberkochen, Ger-
many). Huygens deconvolution was performed on the
high-resolution confocal images.

PCR

Total RNA was isolated from the cultured cells using
TRIreagent® (Molecular Research Center, Cincinnati,
OH, USA) according to the manufacturer's instructions.
Reverse transcription was performed with SuperScript™
IV Reverse Transcriptase (Thermo Fisher) according to
the manufacturer’s instructions, including RNaseQUT™
Recombinant Ribonuclease Inhibitor {Thermo Fisher)
and Random Hexamer Primer ( Thermo Fisher). RT-PCR
was performed by PPP Master Mix (Top-Bio, Vestec,
Crzech Republic) according to the manufacturer's instruc-
tions. Quantitative PCR was performed by using HOT
FIREPol* EvaGreen® gPCR Mix Plus (Solis BioDyne,
Tartu, Estonia) according to the manufacturer’s instruc-
tions and measured by LightCylerd80 (Roche, Basel,
Switzerland). Gapdh and Acth were used as housekeep-
ing genes. The primers are detailed in Supplementary
Table 51.

5D5-page electrophoresis and westemn blot

774 samples were sonicated and solubilized in Laemmli
buffer. The proteins were separated using SD5-Page Elec-
trophoresis and transferred to the nitrocellulose mem-
brane. The membrane was blocked in 5% non-fat dry milk
in TBS (10mM Tris, 150mM NaCl; pH 8.0) for 30 min.
Specific primary antibodies were diluted in 1% non-fat
dry milk or BSA in TBS. The nitrocellulose membrane
was incubated with the following primary antibodies
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against extracellular signal-regulated kinase (ERK)1/2
(137F5; Cell Signaling, Danvers, MA, USA), p-ERKL1/2
(197G2; Cell Signaling), p38 (sc-535; Santa Cruz, Dalas,
TX, USA) or p-p38 (D3F9%; Cell Signaling), and gen-
tly rocked at 4 °C overnight, followed by three 10 min
washes in TBS containing 0,3% Tween-20. p-Actin (sc-
47778, Santa Cruz) was used as a protein-loading control.
Subsequently, the membrane was incubated with appro-
priate HRP-conjugated secondary antibodies for 1 h at
RT and followed by three 10 min washes as mentioned
above. Protein bands were visualired using enhanced
chemiluminescence according to the manufacturer’s
instructions and developed using the ChemiDoc Imaging
Systern (BioRad; USA). The developed images were ana-
lyzed using ImageLab software.

FLUO4-NW calcium measurement

Calcium influx was determined using FLUOL-NW dye
(Thermo Fisher) according to the manufacturer's instruc-
tions. Briefly, J774 cells were seeded in the Poly-L Lysine
coated 96 black well plate with a clear bottom. After 24 h,
the dye was diluted in an assay buffer containing 2,5 mM
Probenecid. Medium was removed, and cells were incu-
bated with the dye for 30 min at 37 "C in a humified atmo-
sphere with 5% CO,. Calcium response was measured at
37 "C using the ClarioStar Plus microplate reader. Excita-
tion was set at 494 nm and emission was measured at 516
(+£30) nm. The signal was measured every 1 s. After 3 s of
measurement, the appropriate ligand was automatically
added by the machine using a pump. Data of the FLUO4
fluorescence changes were normalized to the baseline
(before the addition of ligand) and calculated as a fold

increase over the baseline.

ERK1/2 nuclear translocation

Cultured cells were washed in ice cold PBS, fixed (1%
PFA, 20 min, RT), permeabilized (100% methanol,
15 min on ice) and stained with the following antibodies:
anti-p44/42 MAPK (ERK1/2; 137F5; Cell Signaling); sec-
ondary antibody Goat anti-Rabbit IgG (A-11,012; Alexa
Fluor 594; Thermo Fisher) at times and concentrations
recommended by the manufacturer. For cell nuclei visu-
alization, Hoechst 33258 fluorescent dye (Sigma-Aldrich)
was used 5 min before measurement. Analysis of the
samples was performed using the Amnis® ImageStream®
Mk I1 imaging cytometer {Luminex Corporation, Austin,
Tx, USA). The data obtained were then analyzed using
Ideas software (Luminex Corporation) and its built-in
module for the analysis of nuclear translocation. Briefly —
after gating the cells based on their size and aspect ratio
(singlets determination) and focus gradient, the shape of
each cell and its nucleus was determined by the built-in
algorithm. The correlation of Hoechst 33258 {nucleus)
and AF 594 (ERK1/2) signal intensity within the cell

46



Vatek et al. Joumal of inflammation (2024) 2117

was evaluated, and the Similarity Median (SM) param-
eter was calculated. The area containing cells with signs
of translocation was gated using the SM parameter, and
cells within this gate were scored as ERK translocated”.
Representative images of the cells, dot plots, and gates
are shown in Supplementary Fig. 51.

Staining of reactive oxygen spacles, intracellular nitric
cxide and membrane potential of mitochondria

774 were stained for the detection of ROS production
using 27,7 -Dichlorofluorescin diacetate (DCFDA; 15
pid; Sigma-Aldrich), for intracellular nitric oxide (NO)
using diaminofluorescein-2 diacetate (DAF-2 DA; 2.5
pM; Abcam, Cambridge, UK) or for mitochondrial mem-
brane potential using MitoTracker™ Red CMXRos (100
nM; Thermo Fisher) according to the manufacturer's
instructions for 30 min at 37 "C. Cells were harvested
and washed in PB5/0.5% BSA. A total of 50 000 cells were
analyzed after the exclusion of dead cells and debris. Five
minutes before measurement, Hoechst 33258 fluorescent
dye was added and used to exclude dead cells. Data were
collected using the LSR II cytometer and analyzed using
GateLogic 400.2 A software. Representative dot plots and
histograms illustrating the gating strategy are shown in

Supplementary Figure 52.

Characterization of surface markers by flow cytometry
Cultured cells were harvested and washed in PBS/0.5%
BSA and incubated for 30 min on ice with Alexa Fluor
700 labeled anti-CDM5 monoclonal antibody (mAb)
(clone 30-F11; BioLegend), APC labeled anti-CD11b
mAb (M1/70; BioLegend), FITC labeled anti-H-2Kb/H-
2Db mAb (MHCIL; 28-8-6, BioLegend), FITC labeled
anti-I-A / I-E mAb (MHCIL M5/114.15.2, BioLegend),
FITC labeled anti-CD80 mAb (16-10A1; BioLegend),
PE labeled anti-CD86 mAb (PO3; BioLegend), PE/Cy7
labeled anti-CD301b mAb (URA-1; BioLegend) or PE
labeled polyclonal Ab anti-TNFSF14 (LIGHT; Bioss Anti-
bodies, Woburn, MA, USA). Unstained cells were used
as controls. A total of 50 000 cells were analyzed after
exclusion of dead cells and debris. Five minutes before
measurement, Hoechst 33258 fluorescent dye (Sigma-
Aldrich) was added and used to exclude dead cells. Data
were collected using the LSR II cytometer (BD Bio-
science, Franklin Lakes, NJ, USA) and analyzed using
GateLogic 400.2 A software {Invai, Mentone, Australia).
Representative dot plots and histograms illustrating the
gating strategy are shown in Supplementary Fig. 53.

Functional test with J774 and T helper cells

Maive CD4* T helper cells were isolated from the spleen
of BALB/c mice using FACS Aria II (BD Bioscience).
Red blood cells were removed from the splenic suspen-
sion using ACK buffer and splenocytes were stained with
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Alexa Fluor 700 labeled anti-CD4 maAb (GKL.5; BioLe-
gend), dead cells were excluded by propidium iodide
{(Exbio, Vestec, Czech Republic). 1774 cells (210" cells/
ml) were cultivated for 4 hours with or w/o stimulation.
Then CD4* T helper cells (2% 10° cells/ml) were added
together with stimulation with LPS or capsaicin. After
72 h, the proliferation expression of Ki67 was detected
using flow cytometry. Briefly, cells were harvested,
washed with PBS/0.5% BSA and incubated for 30 min on
ice with Alexa Fluor 700 labeled anti-CDd mAb (GK1.5;
BioLegend), APC labeled anti-CD11b mAb (ML/70;
BioLegend) and LIVE/DEAD™ Fixable Violet Dead Cell
Stain Kit (Thermo Fisher). Cells were then fived and per-
meabilized using a Foxp3 Staining Buffer Set {Thermo
Fisher) according to manufacturer's instructions. Subse-
quently, cells were stained intracellularly for 20 min with
PE labeled ant-Ki67 mAb (SolAl15; Thermo Fisher). All
events were analyzed after the exclusion of dead cells
and debris. Data were collected using the LSR II cytom-
eter and analyzed using GateLogic 4002 A. Representa-
tive dot plots illustrating the gating strategy are shown in
Supplementary Fig. 54.

Intracellular detection of cytokines and markers

To analyze intracellular cytokine production, Phor-
bol 12-Myristate 13-Acetate (PMA:; 20 ng/ml; Sigma-
Aldrich), ionomycin (500 ng/ml; Sigma-Aldrich) and
Brefeldin A (5 pg/ml; Thermo Fisher) were added to the
cultures for at least 4 h of the incubation period. Cells
were harvested, washed in PBS/0,5% BSA and incu-
bated for 30 min on ice with Alexa Fluor 700 labeled
anti-CD45 mAb (clone 30-F11; BioLegend), APC labeled
anti-CD11b mAb (M1/70; BioLegend) and LIVE/DEAD™
Fixable Violet Dead Cell Stain Kit (Thermo Fisher)
for staining dead cells. Cells were then fixed and per-
meabilized using a Fixation and Permeabilization Kit
(Thermo Fisher) according to the manufacturer's instruc-
tions. Cells were then intracellularly stained for 30 min
with PE labeled ant-TNFa mAb (TN3-19.12; Thermo
Fisher), APC labeled anti-IL-6 mAb (MP5-20F3; BioLe-
gend), FITC labeled anti-IL-1p Pro-form mAb (NJTEN3;
Thermo Fisher), FITC labeled anti-CD206 mAb (CO68C2;
BioLegend) or PE labeled anti-CD163 mAb (TNKUPJ;
Thermo Fisher). A total of 50 000 cells were analyzed
after exclusion of dead cells and debris. Data were col-
lected using the LSR Il cytometer and analyzed using
GateLogic 400.2 A software. Representative dot plots
illustrating the gating strategy are shown in Supplemen-
tary Fig. 55.

ELISA cytokine detection

Cell supernatants were harvested after 24 h and the
concentration of cytokines IL-1P, IL-6 and TMNFa was
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measured by ELISA according to the manufacturer’s
instructions (R&D Systems, Minneapolis, MN, USA).

Leishmania Cell Culture & Macrophage Infection

The promastigotes labelled with GFP L. mexicana
(MNYC / BZ / 62 /| M379) were cultured in M199
(Sigma-Aldrich) supplemented with 10% FBS, 1% BME
vitamins (Sigma-Aldrich), 0.5% sterile human urine and
0.1% amikacin (Sigma-Aldrich) at 23 "C. The low passage
of parasites was used for the experiments.

Stimulated 774 cells were cultured in complete DMEM
medium on a 6-well tissue culture plate for 24 h Cells
were harvested and counted. 5% 10% cells were plated in
12-well tissue culture plate in 2 ml complete DMEM and
infected with L. miexicana promastigotes at a stationary
phase of growth with the ratio of & parasite promastigotes
per 1 macrophage. 72 h after infection, cells were ana-
lvzed by flow cytometry. The number of amastigotes was
counted by hemocytometer as described [29]. For flow
cytometry, cells were harvested and washed in PBS/0,5%
BSA. All events were analyzed after the exclusion of dead
cells and debris. 5 min before measurement, Hoechst
33258 fluorescent dye was added to exclude dead cells.
Data were collected using the LSR II cytometer and ana-
Iyzed using GateLogic 400.2 A software. Representative
dot plots and histograms illustrating the gating strategy
are shown in Supplementary Fig. S6.

Statistical analysis

For statistical analysis, the program The Prism (Graph-
Pad Software, San Diego, CA, USA) was used. Data are
shown as mean+standard deviation (SD) or as boxes and
whiskers. Lines inside the boxes represent the median,
and whiskers represent the minimum and maximum val-
ues. In detail, 3 samples/group for nuclear translocation

Unstimulated

Lipopolysaccharide ah +
Capszaicin 24h
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and for L. mexicana infection, 4 samples/group for
ELISA, 5 samples/group for flow cytometry and qPCR,
and 6 samples/group for western blot analysis. The sta-
tistical significance of differences between individual
groups was calculated using ordinary One-Way analysis
of variance (ANOVA) followed by Tukey's post hoc test
for multiple comparisons. Two-way ANOVA followed
by Tukey's post hoc test was calculated for calcium mea-
surement. A value of p<0.05 was considered statistically
significant.

Results

TRPV1 expression in murine macrophages

To study capsaicin-induced changes in macrophage
phenotype, the routinely used mouse cell line J774 and
mouse BM-derived macrophages were selected [30].
The presence of TRPV] was documented using confo-
cal microscopy and TRPV1 mRMA expression by PCR
analysis (shown in Fig. la, b). Full length gel. analysis of
TRPV1 protein expression in the 774 cell line showed no
change with the different stimulation settings (shown in
Supplementary Fig. 57).

LPS pretreatment increases capsakcin-induced calcium
influx

To determine whether LPS pretreatment affects the func-
tional potential of TRPV] in the ]774 cell line, we ana-
lyzed capsaicin-induced calcium influx in cells pretreated
with and without LPS by measuring the fluorescent
intensity of FLUOL-NW dye. As shown in Fig. 2a, cap-
saicin induced an increase in intracellular calcium levels,
which was enhanced in cells pretreated with LPS for 4 h.

b
- TRPV{ B-actin

JiT4 BMODK JTT4 BMOM

Fig. 1 Expression of TRPV1 in murine macrophages. TRPY expression was documanted by immunchistochamical detection in 1774 calls by confocal
microscopy (red - WEA 647, green — TRPYT, Blue — DAPI) (a). Expression of mRMNA level in 1774 cells and bone marow-derived macrophages (BMOM) was
documentad by FCR (b). An uncropped image of the gelis shown in Supplementary Fig. 58
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Capsalcin modulates LPS-induced signaling cascades in
the J774 cell line

Activation of the TRPV1 channel increases intracellular
Ca®* levels and activates various protein kinases, includ-
ing mitogen-activated protein kinases (MAPKs), particu-
larly ERK and p38. These MAPKs are also associated with
the M2 and M1 phenotype, respectively [31]. Western
blot results showed that the p38 MAPK signaling path-
way was not activated in response to capsaicin, and phos-
phorylation of p38 MAPK was associated only with LPS
stimulation {shown in Fig. 2b). On the other hand, five
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minutes of capsaicin stimulation significantly increased
p-ERK1/2 levels compared with unstimulated J774 cells.
LPS treatment activated ERK1/2 in [774 cells, but this
increase was not significant compared with the control
cells. An increased level of p-ERK1/2 was detected five
minutes after LPS stimulation and remained elevated
four hours after LPS treatment (shown in Fig. 2c). While
pretreatment of J774 cells with capsaicin or LPS pro-
moted phosphorylation of ERK1/2 induced by LPS or
capsaicin, the phosphorylated form of ERK1/2 was sup-
pressed when cells were treated with LPS and capsaicin
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Fig. 2 Capsaicin-induced calcium influx ard maodulation of LPS-induced signaling cascades. The kinetics of capsaicin-induced cakium mobilization in
1774 cells were measured by the fluorescence of FLUODS-MW (a) Data represent mean valuas+ SEM. The level of statistical significance was determined
using 2-way AMOVA followed by Tukey's test for multiple comparisons (****p < 00001}, For detection of LPS-irduced signaling cascades 774 were pre-
incubated for 4 h and stimulated with capesaicin (C) or LPS (L) for 5-10 min. The ratio betwean phosphorylated and unphosphonylated p-38 (b) and ERK
1/2 [€) was cbtained by Western blotting after normalizing the intensities of the p-4p38 and p-ERK1,/2 bards to those of total p38 and ERK1/2, respec-
tiwvehy. Uncropped images of the western blot membranes are also shown in Supplementary Fig. 59 and 510, Data are shown as boxes and whiskers. The
lines within the boxes represent the median, and the whiskers represent the minimum and masimum values. n=6 {a-€). Representative western blots
are shown. The percentage of cells in which ERK1/2 translocated to the nudeus was determined by image flow cytormetry n=3 (d). Data are shown as
mieans £ 50 The level of statistical significance was determined using one-way ANOVA followed by Tukey's test for multiple comparizans (e < 005, "o
< 001, "p « 0001, "o . 00001 * indicates the significance fram (- =) group. + indicates significance from (C —) group. Other statistical significances

between groups are indicated by *
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together. Since activation of ERK1/2 signaling pathways
can have a number of often contradictory effects that are
cell-type and context-dependent. Several mechanisms
are involved in deciding which signaling pathways are
triggered, the most important of which is the cellular
localization of phosphorylated ERK activity [32]. There-
fore, we used Image stream flow cytometry to analyze
ERK1/2 translocation into the nucleus. Interestingly,
ERK1/2 nuclear translocation of each group did not cor-
relate with ERK1/2 phosphorylation, indicating that vari-
ous treatments may have different effects on the resulting
macrophage phenotype (shown in Fig. 2d).

Capsaicin modulates LPS-induced ROS and NO production
by the J774 cell line

Macrophage activation is associated with the genera-
tion of ROS, with both M1 and M2 macrophages show-
ing the capacity to produce ROS after activation [33].
Therefore, we determined the intracellular level of ROS
and NO in the J774 cell line stimulated with capsaicin
simultaneously, prior or after LPS stimulation. Although
capsaicin alone did not affect ROS and NO levels, their
production was increased in LPS-stimulated cells. Nota-
bly, in cells treated with LP'S and capsaicin together, or
pretreated with capsaicin, the mean fluorescence inten-
sity (MFI) of DCFDA and DAF-2 DA decreased signifi-
cantly, indicating lower generation of ROS and NO, while
cells pretreated with LPS prior to capsaicin stimulation
showed an increase in MFI {shown in Fig. 3a, b). Another
important factor associated with leukocyte activation is
the increase in mitochondrial membrane potential [34].
LPS-pretreated cells exhibited the highest mitochondrial
potential compared to the other groups, as indicated by
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an increase in MFI of MitoTracker Red CMXRos (shown
in Fig. 30).

Capsalcin modulates LPS-induced expression of MHC
molecules and costimulatory receptors and the ability to
stimulate T cells

Subsequently, we investigated whether an increase in
ROS and NO production was associated with changes
in the phenotype of [774 cells. MHC molecules, and the
co-stimulatory molecules CD80 and CDB6 are crucially
involved in macrophage activation and antigen presen-
tation during inflammation. Indeed, the expression of
MHC I and Il was significantly increased in cells pre-
treated with LPS as compared to LPS alone, LPS and
capsaicin together, and pretreatment with capsaicin
(shown in Fig. 4a, b). As shown in Fig. 4¢, d, pretreat-
ment with LPS also significantly enhanced the expres-
sion of the costimulatory molecules CD86 and CDBO
compared to stimulation with LPS and capsaicin together
and pretreatment with capsaicin. To determine whether
the increased expression of molecules associated with
antigen-presenting function correlated with the capac-
ity to stimulate T cells, CD4 positive T cells were sorted
and added to the J774 cell culture in all groups studied.
Indeed, the expression of Ki67, a marker of proliferat-
ing cells, was highest in T cells in coculture with LPS-
pretreated J774 cells, while pretreatment with capsaicin
decreased the ability of ]774 macrophages to provide the
co-stimulatory signal to T cells (shown in Fig. 4e).

Capsaicin modulates LPS-induced cytokine production
Another important factor in determining the func-
tional properties of macrophages is their production of
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cytokines. LPS stimulation of [774 cells resulted in signif-
icant expression of genes for the pro-inflammatory cyto-
kines TNFa, IL-6 and IL-1B, which were suppressed in
LPS-pretreated cells (shown in Fig. 5a, b, ¢). On the con-
trary, while the presence of LPS in the culture medium
suppressed the expression of the IL-10 gene, the LPS-
pretreated group showed similar expression to the con-
trol group (shown in Fig. 5d). To correlate the amount of
mENA with protein production, cytokines released into
culture medium were determined by ELISA. Capsaicin
treatment in all combinations reduced the concentration
of TNFa in the tissue culture medium compared to the
group cultured with LPS alone, but interestingly, the level
of IL-1P remained similar in all groups (shown in Fig. Se,
f). IL-A concentration was increased in LPS-stimulated
cells, with both pretreatments reducing its production,
although significance was not reached (shown in Fig. 5g).

Capsalcin modulates the phenotype of bone marrow-
derived macrophages

Since the response of primary macrophage can differ
from that of macrophage cell lines [30, 35], we also tested

Results- Publication .

the effect of capsaicin on BM-derived macrophages.
As shown in Fig. 6a, b, CD86 expression was most pro-
nounced in the LP5-pretreated group; however, the MHC
I expression was similar in all groups. M2 markers were
not detectable in the J774 cell line; however, the M2b
marker TNFSF14, also known as LIGHT (homologous to
lymphotoxin, inducible expression, competes with herpes
simplex virus [HSV] glycoprotein I for HSV entry medi-
ator, a receptor expressed on T lymphocytes), but not
the M2a and M2c markers CD206, CD163 and CD301b
{shown in Supplementary Fig. 511), increased on bone
marrow-derived macrophages (shown in Fig. 6c). Consis-
tent with changes indicating the macrophage switch into
an anti-inflammatory phenotype, intracellular levels of
inflammatory cytokines {IL-1B, TNF-a, IL-6) decreased
significantly in LPS-pretreated primary macrophages
(shown in Fig. 6d, e, f).

Capsalcin modulates the susceptibility of macrophages to
Leishmanla mexicana

Some myeloid cells serve as replication niches for the
protozoan parasite Leishmania, and macrophages play
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Fig. 5 Capsaicin modulates LP5-induced cytokine production. 1774 were preircubated for 4 h and cultured with capsaicin (C) or LPS (L) for 24 h. The
relative gene expressicn of THFa (], IL-13 (b, IL-6 () and IL-10 {d} was determined by gPCR. The concentration of TMFa (e}, IL-13 (f) and IL-6 fg) in the
supernatant was determined by ELISA. Data are shown as bowes and whiskers. The lines within the bowes represent the median and whiskers represent
the minimum and maximum values (a-g). n=5 (a-d), =4 (e-g). The level of statistical significance was determined using one-way ANCVA followed by
Tukey's test for multi ple comparisons Mo < 0.05, "p < 001, ™ < 0.001, "o < 0.0001). ¥ indicates significance from (- =) group. * indicates significance
from (- ) group Other statistical significarces between groups are indicated by *

a key role in the pathology of leishmaniasis. Individual
subpopulations of macrophages contribute differently
to the development of leishmaniasis, with macrophage
susceptibility to Leishmania linked to the expression of
certain M2 markers [36]. To further investigate whether
capsaicin treatment affects macrophage phenotype, 1774
cells were exposed to GFP-expressing L. mexicana [37] at
a ratio of 6 parasites per 1 macrophage. Three days after
infection, the percentage of L. mexicana-positive cells
was the highest in LPS-pretreated cells (shown in Fig. 7a).
In addition to different susceptibility to infection, the M2
phenotype has also been associated with the proliferation
of amastigotes [36]. To address this question, the ratio of
live amastigotes to the number of live cells in culture was
compared between groups. The results shown in Fig. 7b
indicate different proliferation of amastigotes in capsa-
icin- or LP5-pretreated groups, with the highest prolif-
eration in LPS-treated cells and cells pretreated with LPS
prior to capsaicin stimulation. This was associated with
the highest mortality of L. mexicana-infected cells in this
group (shown in Fig. 7c).

Results- Publication .

Discussion

Besides its role in nociception, TRPFV1 is involved in vari-
ous physiological functions. Currently, the role of TRPV1
in the regulation of immune response is gaining more
attention, as it has been associated with several patho-
logical conditions [38, 39]. Rapid progress in TRPV1
channel research has provided a better understanding of
its action; however, it has also produced contradictory
results on the inflammatory or anti-inflammatory TRPV1
function [2, 16, 17, 22]. To explore capsaicin triggered
modulation of macrophage phenotype and function by
capsaicin in different inflammatory environments, we
activated the J774 cell line or primary BM-derived mac-
rophages with capsaicin simultaneously, prior to or after
LPS stimulation.

Macrophages display considerable differences in their
response to inflammatory stimuli depending on their ori-
gin [35], including the expression of surface molecules
and cytokine production [30, 40]. Therefore, we decided
to study a macrophage cell line as well as macrophages
derived from the bone marrow. Indeed, some results
differ in macrophages of different origins; nevertheless,
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combining the two types of macrophages provides a
more comprehensive understanding of the role of TRPFV1
in macrophage function and its inflammatory response.
Importantly, both cell types express TRPV1 at mRNA
and protein level which was confirmed by western blot
and microscopy, using well validated antibodies [28];
therefore, providing a suitable tool for this study.
Different members of the MAPK family play dis-
tinct roles in modulating macrophage phenotype [31].
We confirmed that ERK1/2 signaling is involved in the
TRPV1-mediated immune response; however, the level
of phosphorylated ERK1/2 did not correlate with its
translocation to the nucleus. ERK1/2 signaling has been
shown to play a crucial role in many cellular processes,
including proliferation, differentiation, or apoptosis, and
is highly context-dependent [41]. Overall, cellular local-
ization of activated ERK1/2 is a critical determinant of
downstream signaling events; however, the effects of
cellular translocation on the immune environment or
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cytokine production have not yet been described. There-
fore, conflicting results that describe the up- or down-
regulation of pro- and anti-inflammatory cytokines after
ERK phosphorylation [41, 42] may be related to the dif-
ferential cellular localization.

The finding that Ca®* influx increased when macro-
phages were pretreated with LPS prior to activation
with capsaicin indicated that the TRPV1 channel was
sensitized by TLR4 stimulation. Sensitization of TRPV1
by LPS has been observed in sensory neurons, with the
underlying mechanism involving inhibition of TLR4 acti-
vation-induced TRPV 1 endocytosis [43]. Considering the
expression of TLR4 on macrophages, it is reasonable to
speculate that TLR4-TRPV1 interaction can occur here.
The increased Ca™ influx in the LPS-pretreated group
was accompanied by an increase in the levels of ROS, NO
and mitochondrial membrane potential, indicating that
the overall macrophage activation state was increased.
The increase in mitochondrial potential associated with
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