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Abstract

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

Results Changes in the surface molecules, cytokine production, and signaling cascades linked to the phenotype
of M1 or M2 macrophages of the J774 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
mexicana.

Conclusion Our findings reveal that TRPV1 activation yields distinct macrophage responses influenced by the
inflammatory 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 neurogenic 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 TRPV 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 miRNAs [13], along
with mechanical stimuli, UV radiation, decreased pH,
and increased temperature [14]. Among numerous exog-
enous modulators, resiniferatoxin, capsaicin or its antag-
onist capsazepine are well established [15]. The broad
spectrum of TRPV1 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
[16]. 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, including 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 TRPV1 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 TRPV1 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 TRPV1 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 TRPV1 as an
important physiological and pathophysiological mole-
cule that significantly regulates macrophage function. To
clarify the role of TRPV1 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-CSE-
conditioned medium (M-CSF-conditioned medium
was collected from 1929 M-CSF cell line) for one week;
afterwards, macrophages were used in experiments. J774
(2,5%10° cells/ml) or BM-derived macrophages (5x10°
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 (Nunc,
Roskilde, Denmark). Capsaicin (10 uM; Sigma-Aldrich)
was used for TRPV1-dependent activation as is rou-
tinely used [26, 27]. Lipopolysaccharide (LPS; 1,25 pg/
ml; #L.2880; 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
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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 (1,5x10° 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 (IBIDI, Gréfelfing,
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 RNaseOUT™
Recombinant Ribonuclease Inhibitor (Thermo Fisher)
and Random Hexamer Primer (Thermo Fisher). RT-PCR
was performed by PPP Master Mix (Top-Bio, Vestec,
Czech Republic) according to the manufacturer’s instruc-
tions. Quantitative PCR was performed by using HOT
FIREPol° EvaGreen® qPCR Mix Plus (Solis BioDyne,
Tartu, Estonia) according to the manufacturer’s instruc-
tions and measured by LightCyler480 (Roche, Basel,
Switzerland). Gapdh and Actb were used as housekeep-
ing genes. The primers are detailed in Supplementary
Table S1.

SDS-page electrophoresis and western blot

J774 samples were sonicated and solubilized in Laemmli
buffer. The proteins were separated using SDS-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-ERK1/2
(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. B-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 visualized using enhanced
chemiluminescence according to the manufacturer’s
instructions and developed using the ChemiDoc Imaging
System (BioRad; USA). The developed images were ana-
lyzed using ImageLab software.

FLUO4-NW calcium measurement

Calcium influx was determined using FLUO4-NW dye
(Thermo Fisher) according to the manufacturer’s instruc-
tions. Briefly, ]774 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 II 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
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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. S1.

Staining of reactive oxygen species, intracellular nitric
oxide and membrane potential of mitochondria

J774 were stained for the detection of ROS production
using 2’,7'-Dichlorofluorescin diacetate (DCFDA; 15
uM; Sigma-Aldrich), for intracellular nitric oxide (NO)
using diaminofluorescein-2 diacetate (DAF-2 DA; 2,5
uM; 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 PBS/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 S2.

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-CD45 monoclonal antibody (mAb)
(clone 30-F11; BioLegend), APC labeled anti-CD11b
mAb (M1/70; BioLegend), FITC labeled anti-H-2Kb/H-
2Db mAb (MHCI; 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. S3.

Functional test with J774 and T helper cells

Naive 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 mAb (GK1.5; BioLe-
gend), dead cells were excluded by propidium iodide
(Exbio, Vestec, Czech Republic). J774 cells (2x10* cells/
ml) were cultivated for 4 hours with or w/o stimulation.
Then CD4* T helper cells (2x10° 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-CD4 mAb (GK1.5;
BioLegend), APC labeled anti-CD1lb mAb (M1/70;
BioLegend) and LIVE/DEAD™ Fixable Violet Dead Cell
Stain Kit (Thermo Fisher). Cells were then fixed and per-
meabilized using a Foxp3 Staining Buffer Set (Thermo
Fisher) according to manufacturer’s instructions. Subse-
quently, cells were stained intracellularly for 30 min with
PE labeled anti-Ki67 mAb (SolA15; 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 400.2 A. Representa-
tive dot plots illustrating the gating strategy are shown in
Supplementary Fig. S4.

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 anti-TNFa mAb (TN3-19.12; Thermo
Fisher), APC labeled anti-IL-6 mAb (MP5-20F3; BioLe-
gend), FITC labeled anti-IL-1 Pro-form mAb (NJTENS3;
Thermo Fisher), FITC labeled anti-CD206 mAb (C068C2;
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 II cytometer and analyzed using
GateLogic 400.2 A software. Representative dot plots
illustrating the gating strategy are shown in Supplemen-
tary Fig. S5.

ELISA cytokine detection
Cell supernatants were harvested after 24 h and the
concentration of cytokines IL-1p, IL-6 and TNFa 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 J774 cells were cultured in complete DMEM
medium on a 6-well tissue culture plate for 24 h. Cells
were harvested and counted. 5x10* cells were plated in
12-well tissue culture plate in 2 ml complete DMEM and
infected with L. mexicana promastigotes at a stationary
phase of growth with the ratio of 6 parasite promastigotes
per 1 macrophage. 72 h after infection, cells were ana-
lyzed 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-
lyzed 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 4h +
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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 TRPV1 was documented using confo-
cal microscopy and TRPV1 mRNA expression by PCR
analysis (shown in Fig. 1a, b). Full length gel. analysis of
TRPV1 protein expression in the J774 cell line showed no
change with the different stimulation settings (shown in
Supplementary Fig. S7).

LPS pretreatment increases capsaicin-induced calcium
influx

To determine whether LPS pretreatment affects the func-
tional potential of TRPV1 in the J774 cell line, we ana-
lyzed capsaicin-induced calcium influx in cells pretreated
with and without LPS by measuring the fluorescent
intensity of FLUO4-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

TRPV1 p-actin

J774 BMDM J774 BMDM

Capsaicin 24h

Fig. 1 Expression of TRPV1 in murine macrophages. TRPV1 expression was documented by immunohistochemical detection in J774 cells by confocal
microscopy (red — WGA 647, green - TRPV1, blue — DAPI) (a). Expression of mRNA level in J774 cells and bone marrow-derived macrophages (BMDM) was
documented by PCR (b). An uncropped image of the gel is shown in Supplementary Fig. S8
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Capsaicin 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 J774 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 and modulation of LPS-induced signaling cascades. The kinetics of capsaicin-induced calcium mobilization in
1774 cells were measured by the fluorescence of FLUO4-NW (a). Data represent mean values+SEM. The level of statistical significance was determined
using 2-way ANOVA followed by Tukey’s test for multiple comparisons (****p <0.0001). For detection of LPS-induced signaling cascades J774 were pre-
incubated for 4 h and stimulated with capsaicin (C) or LPS (L) for 5-10 min. The ratio between phosphorylated and unphosphorylated p-38 (b) and ERK
1/2 (c) was obtained by Western blotting after normalizing the intensities of the p-p38 and p-ERK1/2 bands to those of total p38 and ERK1/2, respec-
tively. Uncropped images of the western blot membranes are also shown in Supplementary Fig. S9 and S10. Data are shown as boxes and whiskers. The
lines within the boxes represent the median, and the whiskers represent the minimum and maximum values. n=6 (a-c). Representative western blots
are shown. The percentage of cells in which ERK1/2 translocated to the nucleus was determined by image flow cytometry. n=3 (d). Data are shown as
means+SD. The level of statistical significance was determined using one-way ANOVA followed by Tukey's test for multiple comparisons ("p < 0.05, "p
<0.01,"p < 0.001, "™p < 0.0001). * indicates the significance from (- -) 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 LPS 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. 3c).

Capsaicin 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 J774 cells. MHC molecules, and the
co-stimulatory molecules CD80 and CD86 are crucially
involved in macrophage activation and antigen presen-
tation during inflammation. Indeed, the expression of
MHC I and II 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. 4c, d, pretreat-
ment with LPS also significantly enhanced the expres-
sion of the costimulatory molecules CD86 and CD80
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 J774 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 J774 cells resulted in signif-
icant expression of genes for the pro-inflammatory cyto-
kines TNFa, IL-6 and IL-1f, 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
mRNA with protein production, cytokines released into
culture medium were determined by ELISA. Capsaicin
treatment in all combinations reduced the concentration
of TNF« 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. 5e,
f). IL-6 concentration was increased in LPS-stimulated
cells, with both pretreatments reducing its production,
although significance was not reached (shown in Fig. 5g).

Capsaicin 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

the effect of capsaicin on BM-derived macrophages.
As shown in Fig. 6a, b, CD86 expression was most pro-
nounced in the LPS-pretreated group; however, the MHC
II 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 D 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. S11), increased on bone
marrow-derived macrophages (shown in Fig. 6¢). 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. 64, e, f).

Capsaicin modulates the susceptibility of macrophages to
Leishmania mexicana

Some myeloid cells serve as replication niches for the
protozoan parasite Leishmania, and macrophages play
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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, J774
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 LPS-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).

Discussion

Besides its role in nociception, TRPV1 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 TRPV1
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

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 TRPV1 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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the ROS release has been shown to play an essential role
in several innate immune functions in both M1 and M2
macrophages, by regulating cell growth, differentiation,
and apoptosis [44]. NO production is typically associated
with M1 macrophages; nonetheless, the M2b phenotype
is distinct from other M2 phenotypes due to its higher
activity of iNOS and subsequent production of NO [45].
Moreover, the TRPV1 channel has been implicated in the
regulation of NO release by the mechanisms mediated
by the activity of NOS enzymes [46, 47]. Additionally,
treatment with the NOS inhibitor L-NAME reveals the
involvement of additional mechanisms. Torres-Narvédez
et al. (2019) proposed that capsaicin activates eNOS via
Ca2* influx and PI3-kinase/Akt pathways, with L-NAME
selectively blocking the former [48]. Clark et al. (2007)
found increased NO production in TRPV1 KO mice, sug-
gesting that TRPV1 negatively regulates NO production
upon LPS stimulation [47]. Given the known suppression
of inflammatory cytokine production by NO-mediated
mechanisms, NO likely plays an immunoregulatory role
in the resolution of inflammation [49]. Our data suggest
that the timing of TRPV1 activation in relation to LPS is
critical to this phenomenon.

The definition of the different macrophage pheno-
types is based on the production of specific factors,
expression of cell surface markers, and biological activi-
ties. The expression of markers and the production of
factors associated with M1 or M2 activation can vary
depending on the stimulus and context [50]. In our
study, cells stimulated with LPS prior to TRPV1 activa-
tion expressed significantly higher levels of MHC I and
II as well as co-stimulatory molecules. LPS pretreated
macrophages also showed the best antigen presenting

function when co-cultured with naive T cells compared
with the other groups. Although M1 macrophages are
generally considered to have a stronger antigen-present-
ing ability than M2 macrophages, the M2b subset is an
exception to this rule due to the expression of co-stimu-
latory molecules such as CD86 and MHC class II [45, 51].
TNESF14, which is widely accepted as an M2b marker
[52], was not expressed on the J774 cell line; however,
activation of TRPV1 significantly increased its expres-
sion on BM-derived macrophages pretreated with LPS.
Another important feature of M2b macrophages is the
reduced production of inflammatory cytokines [51]. We
detected decreased expression of TNFa at the both gene
and protein levels in LPS-pretreated J774 cells, whereas
the expression of IL-1B remained without significant
changes. It should be noted that the intracellular level of
TNFa, IL-1B and IL-6 was significantly decreased in pri-
mary macrophages when they were stimulated with LPS
prior to capsaicin. Significant increase in anti-inflamma-
tory cytokines was not detected in either J774 cells or in
BM-derived macrophages. According to the review by
Bujak et al. (2019), decreased production of inflamma-
tory cytokines was observed after TRPV1 activation in
various in vitro models of LPS-induced inflammation
[53]. However, to our knowledge, no studies have dem-
onstrated a switch to anti-inflammatory macrophage
populations producing high levels of IL-10 and low lev-
els of inflammatory cytokines after the TRPV1 activa-
tion. Stimulation of macrophages with capsaicin prior to
LPS-induced inflammation did not suppress the release
of inflammatory cytokines, not only in our model but
also in other studies [54]. Thus, we propose that the pro-
duction of pro-inflammatory cytokines is regulated by
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TRPV1 activation in a manner dependent on the inflam-
matory milieu.

To confirm the effect of TRPV1 activation after LPS
stimulation on macrophage polarization state in the
functional study, we investigated the survival of GFP-
labelled L. mexicana, an intracellular parasite that natu-
rally infects macrophages. Polarization of macrophages
has been shown to affect the course of parasitic infection
[55]. In our study, LPS pretreatment of capsaicin-stim-
ulated macrophages led to a lower level of pro-inflam-
matory cytokines, which can potentially create a more
permissive environment for the survival and replication
of L. mexicana within the macrophages [55]. While the
sample size in our study (#=3) can be considered lim-
ited, the infectious nature of the experiments presented
challenges to achieving a larger sample size. Despite this
limitation, our results are consistent and we believe they
provide valuable insight into the survival and infection
of the Leishmania parasite in macrophages. The fact that
LPS treatment prior to capsaicin stimulation resulted
in a higher percentage of infected macrophages, a trend
toward a higher number of amastigotes per cell, and

increased GFP signal intensity in dead macrophages sup-
ports our hypothesis that polarization of macrophages
after TRPV1 activation is regulated by the immune
microenvironment, which may also play a critical role in
the outcome of parasitic infections.

Conclusions

In conclusion, our study shows that TRPV1 activation
has specific effects on macrophages depending on the
inflammatory environment, as summarized in Fig. 8.
Stimulation with capsaicin of LPS-pretreated macro-
phages resulted in enhanced calcium influx and cell acti-
vation accompanied by a switch to the anti-inflammatory
M2b-like polarization state, which was characterized
by upregulated expression of MHC and co-stimulatory
molecules and downregulated expression of inflamma-
tory cytokines. ERK1/2 phosphorylation but not nuclear
translocation was involved in this process. This study
sheds light on the immunomodulatory mechanisms of
capsaicin stimulation of macrophages in an inflammatory
environment. The findings suggest that TRPV1 activa-
tion may have therapeutic potential for the treatment of
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inflammatory diseases by promoting an anti-inflamma-
tory response in macrophages.
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