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Listeria monocytogenes (L.m) is efficiently controlled by several cells of the innate
immunity, including the Mast Cell (MC). MC is activated by L.m inducing its
degranulation, cytokine production and microbicidal mechanisms. TLR2 is required for
the optimal control of L.m infection by different cells of the immune system. However, little
is known about the MC receptors involved in recognizing this bacterium and whether
these interactions mediate MC activation. In this study, we analyzed whether TLR2 is
involved in mediating different MC activation responses during L.m infection. We found
that despite MC were infected with L.m, they were able to clear the bacterial load. In
addition, MC degranulated and produced ROS, TNF-a, IL-1b, IL-6, IL-13 and MCP-1 in
response to bacterial infection. Interestingly, L.m induced the activation of signaling
proteins: ERK, p38 and NF-kB. When TLR2 was blocked, L.m endocytosis,
bactericidal activity, ROS production and mast cell degranulation were not affected.
Interestingly, only IL-6 and IL-13 production were affected when TLR2 was inhibited in
response to L.m infection. Furthermore, p38 activation depended on TLR2, but not ERK
or NF-kB activation. These results indicate that TLR2 mediates only some MC activation
pathways during L.m infection, mainly those related to IL-6 and IL-13 production.
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INTRODUCTION

Classically, mast cells (MC) are associated with type I
hypersensitivity reactions (1). However, growing evidence has
placed them as initiators of the inflammatory process against
several infectious agents, including bacteria (2). Due to their
strategic location in mucosal epithelia, skin, and connective
tissue, they can respond immediately to the signals derived
from mutualistic and pathogenic bacteria, adapting their
response accordingly to maintain host homeostasis (3). In this
way, MC are provided with at least one member of each of the
Pattern Recognition Receptor (PRR) families. These include
Toll-Like Receptors (TLR), C-type Lectin Receptors (CLR),
NOD-Like Receptors (NLRs), RIG-Like Receptors (RLRs), and
Scavenger Receptors (4). When MC are activated, they release
many preformed mediators found in their granules, through cell
degranulation. Furthermore, they can also synthesize de novo
molecules such as inflammatory mediators derived from
arachidonic acid, reactive oxygen species (ROS) as well as
cytokines and chemokines (5). Several studies have shown that
MC are involved in the immune response to pathogenic bacteria,
including: Pseudomonas aeruginosa (6), Klebsiella pneumoniae
(7), Staphylococcus aureus (8), Mycobacterium tuberculosis (9)
and Listeria monocytogenes (L.m) (10), to mention only a few.

L.m is a Gram-positive, facultative intracellular bacteria and
the causal agent of listeriosis, a foodborne disease with a high
mortality rate (11). L.m presents tropism towards the gravid
uterus and central nervous system (CNS), contributing to the
most severe clinical manifestations (12). Although, these severe
cases are rare in immunocompetent individuals, they increase in
case of immunosuppression or immunodeficiencies (11). This
implies that host immune response mechanisms are crucial to
the containment of the bacteria, and its alteration can increase
susceptibility to the infection (13).

Cells of the innate immune response play a crucial role in
containing L.m infection, notably, macrophages, dendritic cells,
neutrophils, NK cells and MC (14, 15). In experimental murine
listeriosis models, MC have been shown to initiate the effector
response against this bacterium, promoting recruitment of
neutrophils and macrophages to the site of infection (10, 15).
Furthermore, MC response to L.m includes intracellular
infection (16), degranulation (16, 17), ROS production (18)
and different cytokines and chemokines (15, 16). However, it is
unclear which receptors mediates L.m activation by MC.

TLR2 is a transmembrane type I receptor, which contains a
cytoplasmic TIR domain as well as an extracellular domain with
leucine-rich repeats (19). TLR2 ligands include: Diacil-
lipopeptides, lipoarabinomannan, lipoproteins, lipoteichoic
acid (LTA), peptidoglycan (PGN), porins, phospholipomannan
and zymosan (20). Once TRL2 binds to its ligand, it is dimerized
with either TLR1 or TLR6 (21). When this occurs, TIR domain
recruits the adaptive molecules TIRAP and MyD88 that lead to
the activation of the transcription factor NF-kB and the mitogen-
activated protein kinases (MAPK) that activate the transcription
factor AP-1 (21, 22). Additionally, TLR2 activates the P13K-AKT
signaling pathway (22)
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Activation of TLR2 promotes diverse cellular functions such
as phagocytic activity (23), bactericidal activity (24), ROS
production (25), degranulation (26) and cytokine production
(27). In addition, TLR2-deficient mice are more susceptible to
L.m infection than wild type mice, which is consistent with poor
control of the bacterial load on target organs (28). In addition,
MyD88-deficient MC produce less IL-6 and MCP-1 in response
to L.m (16). Considering that MC express TLR2 (29), we decided
to dissect the activation mechanisms that are regulated by TLR2
during mast cell activation by Listeria monocytogenes infection.
MATERIAL AND METHODS

Bacteria Culture
L.m strain 1778+H 1b (ATCC 43249, USA, Manassas, VA, USA)
was grown in brain heart infusion broth (BHI, BD-Difco, USA)
for 18 h at 37°C with constant shaking at 112 xg. Bacterial cultures
were washed with Hanks Balanced Saline Solution (HBSS) (Life
Technologies, USA) and bacterial pellets resuspended in RPMI-
1640 Glutamax (Life Technologies, USA) supplemented with 40%
Fetal Bovine Serum (Life Technologies, USA) and frozen at -70 °C
until use. Aliquots of L.m were serially diluted and plated in BHI
agar at 37°C for 18-24 h. Bacterial numbers were determined by
counting Colony-Forming Units (CFU).

Mast Cells
Bone Marrow-derived Mast Cell (BMMC) was obtained
following the protocol described by (30). Briefly, bone marrow
cells were obtained from femurs and tibias of 6-8-week-old
C57BL/6 female mice. Cells were maintained in RPMI-1640
supplemented with 10% FBS, 5 mM b-mercaptoethanol (Life
Technologies, USA) and 2% antibiotic and antimycotic (Sigma,
USA) (complete RPMI 1640 medium) plus 10 ng/mL of
murine recombinant IL-3 (Peprotech, USA) and 10 ng/mL of
murine recombinant stem cell factor (Peprotech, USA)). Non-
adherent cells were transferred to fresh culture medium twice a
week for 6−9 weeks. The purity of BMMC was ≥90% assessed by
flow cytometry after staining of CD117 (clone: 2B8, BioLegend,
USA; 0.25 mg/mL) and FcϵRI (clone: MAR-1, BioLegend, USA;
0.16 mg/mL) (Supplementary Figure 1A).

Peritoneum-derived mast cells (PMC), cells were obtained
from peritoneal cavity of mice and cultured in complete RPMI-
1640 medium plus IL-3 (30 ng/mL) and SCF (20 ng/mL). Non-
adherent cells were transferred to fresh culture medium twice a
week for 3−4 weeks. The purity of PMC was ≥90% assessed by
flow cytometry (Supplementary Figure 1C).

All experiments followed institutional biosecurity and safety
procedures. All animal experiments were approved by the
Research Ethics Committee of the ENCB, IPN (ZOO-016-2019).

Toluidine Blue Staining
2x105 BMMC or 2x105 PMC/0.25 mL of RPMI-1640
supplemented with 10% FBS and 5mM b-mercaptoethanol
(complete medium) were plated in cytospin chambers, and
then stained with toluidine blue for 10 minutes. Finally, slides
June 2021 | Volume 12 | Article 650779
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were air-dried and mounted with Entellan resin (Merck
Millipore, USA) under a coverslip. Images were captured with
a digital camera attached to a brightfield microscope (Zeiss
Primo Star, Germany), and analyzed with Micro capture v7.9
software (Supplementary Figure 1B, D).

Viability Mast Cell Assay
2.5X105 BMMC/0.25 mL of complete medium were stimulated
with L.m at different MOI (1:1, 10:1, 100:1) or stimulated with
LLO (125, 250, 500, 1000 ng/mL) for 24 h. Then cells were
washed with 1 mL of Annexin V binding Buffer 1X (Invitrogen,
USA) and stained with 1 mg/mL Annexin V (BioLegend, USA)
and 0.5 mg/mL propidium iodide (eBioscience, USA). After
staining, cell viability was measured by flow cytometry
(Supplementary Figure 2).

Degranulation Assay
The degranulation assay was carried out as described previously
(31). Briefly, 2x105 BMMC/0.25 mL of complete medium were
incubated with L.m at different MOI for 90 minutes. Then were
washed and stained with anti-CD107a (clone: 1D4B Biolegend,
USA; 0.25 mg/mL) and anti-FcϵRI. Staining was measured by
flow cytometry.

b-Hexosaminidase release was performed as follows: 2x105

BMMC/0.25 mL of HEPES-Tyrode Buffer (HBT) (130 mM
NaCl, 5.5 mM glucose, 2.7 mM KCl, 1.0 mM CaCl2 2 H2O,
0.1% [wt/vol] Bovine Serum Albumin (BSA), 12 mM HEPES,
0.45 mM NaH2PO4 1H2O, pH 7.2) were stimulated with L.m at
different MOI or stimulated with PMA (125 nM) plus Ionomicin
(10 mM) for 90 minutes at 37°C. The supernatants were then
recovered, and the cell pellet was lysed with 200 mL of 0.2%
Triton X-100 in HBT. Both supernatants and cell lysates were
incubated with 4-methylumbell i feryl N-acetyl-b-D-
glucosaminide (Sigma-Aldrich, USA; 1 mM in 200 mM Na
Citrate Buffer pH 4.5) for 2 h at 37°C. The enzyme reaction
was stopped by the addition of 100 mL of 200 mM Tris base, pH
10.7. The samples were analyzed in a fluorescence plate reader
(SpectraMax M, USA) using excitation 356 nm and emission 450
nm. The percentage of release of b-Hexosaminidase is calculated
using the formula: % Release = ½ supernatan

(supernatan+cellpellet)� � 100.

Superoxide Anion(O−
2) Production

2x105 BMMC were cultured in 0.25 mL of RPMI-1640 without
phenol red (Life Technologies, USA) and then, stimulated with
L.m at different MOI for 120 minutes. In the last 15 minutes of
incubation 25 mL of a solution of p-nitro blue tetrazolium (NBT)
(Sigma-Aldrich, USA) at 1 mg/mL were added. Then, cells were
washed with PBS 1X (Life Technologies, USA) and fixed with
absolute methanol. The formazan precipitates were dissolved by
adding 54 mL of potassium hydroxide (KOH) 2mM and 46 mL of
Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, USA). The samples
were read at a wavelength of 620 nm in a plate reader (Multiskan
EX, Thermo Scientific, USA).

Bacterial Load Assay
2x105 BMMC/0.25 mL of complete medium were incubated with
L.m at different MOI for 2 h. At the end of incubation, HBSS
Frontiers in Immunology | www.frontiersin.org 3
supplemented with ampicillin at 200 ng/mL was added for 1 h.
Afterwards, cells were washed and then transferred to complete
medium supplemented with ampicillin at 200 ng/mL for 0 and
24 h. Then, cells were washed with HBSS and then lysed with
sterile distilled water. Cell suspension were homogenized, and
serial decimal dilutions were prepared in saline solution.
Afterwards, 20mL of each dilution were plated on BHI agar at
37°C for 48 h, bacterial numbers were determined by
counting CFU.

Cytokines Quantification
2x105 BMMC/0.25 mL of complete medium were stimulated with
L.m at differentMOI or stimulated with Recombinant Listeriolysin-
O (LLO; RayBiotech, USA) at different concentration (125, 250, 500
and 1000 ng/mL) for 24h. Then, supernatants were collected for the
detection of TNF-a, IL-1b, IL-6, MCP-1 (Biolegend, San Diego,
CA., USA) and IL-13 (eBioscience, USA) by ELISA according to
manufacturer’s instructions.

Evaluation of Phosphorylated Proteins
2x105 BMMC/0.25 mL of complete medium were stimulated
with L.m MOI 100:1 for 15 minutes to evaluate p-ERK 1/2, 30
minutes for p-p65 and 60 minutes for p-p38. Then, the cells were
preserved with 250 mL of Fixation buffer (BD-Bioscience, USA)
for 10 min/37°C. Subsequently, were washed with 1 mL of Stain
Buffer (BD-Bioscience, USA) and permeabilized with 1mL of
0.5x Perm buffer IV (BD-Bioscience, USA) for 15 min at room
temperature (RT) and protected from light. Then, the cells were
washed with 1 mL of Stain Buffer. After blocking with 0.015 mg of
anti-CD16/32 (Mouse BD Fc Block™, clone: 2.4G2. BD-
Biosciences, USA) cells were stained with antibodies to p-ERK
1/2-PE (clone: 20A; 4 mL per tube), p-p65-PE (clone: K10-
895.12.50; 4 mL per tube), p-p38-PE (Clone: 36/p38; 4 mL per
tube) or isotype controls (Clone: MOPC-21; Mouse IgG1, k-PE
or Clone: MCP-11; Mouse IgG2b, k-PE). (All from BD-
Biosciences, USA) for 60 min at RT and protected from light.
Finally, the cells were washed and resuspended in 0.15 mL of
Stain Buffer and analyzed by flow cytometry. The times chosen
for the detection of each phosphorylated protein were selected
based on kinetic assay (Supplementary Figure 4).

Expression of TLR2
2x105 BMMC/0.1 mL of PBS 1X were marked with anti-TLR2-
biotin (clone: 6C2, eBioscience, USA; 1 mg/0.1 mL) or isotype
control-biotin (clone: eB149/10H5, eBioscience, USA; Rat IgG2b,
k-biotin; 1 mg/0.1 mL) and stained with streptavidin-APC (BD-
Bioscience, USA; 0.02 mg/mL), prior blocking with anti-CD16/
32. Staining was measured by flow cytometry.

TLR2 Blocking Assays
2x105 BMMC/0.25 mL of complete medium were pre-incubated
30 minutes with 200 ng/mL of anti-TLR2 (clone: C9A12; IgG2a)
or 200 ng/mL of isotype control (clone: T9C6; 1gG2a), both from
Invivogen, USA. Afterwards, cells were stimulated with L.mMOI
100:1 and the bacterial load, O−

2 production, degranulation,
cytokines production and evaluation of phosphorylated
proteins assays were performed as indicated above. The
June 2021 | Volume 12 | Article 650779
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bacterial load was analyzed as endocytic activity and bactericidal
activity, according to the following formula: endocytic activity =
(CFU at 0 h/MOI added) *100 (%). Bactericidal activity = (100-
(CFU at 24 h/CFU at 0 h) *100) (%) (32). To evaluate the
efficiency of antibody-mediated TLR2 inhibition, 2x105 BMMC/
0.25 mL were pre-incubated with different concentrations of
anti-TLR2 (12.5, 25, 50, 100 y 200 ng/mL) for 30 min and then
stimulated with the TLR2 agonist: Staphylococcus aureus
peptidoglycan (PGN) (Sigma-Aldrich, USA) at 10 mg/mL for
24 h. Then, supernatants were collected for the detection of IL-6
by ELISA (Supplementary Figure 5).

Flow Cytometry
All cell samples stained with fluorochrome-conjugated
antibodies were acquired using FACSAria Fusion (BD
Biosciences, USA) and analyzed with FlowJo software version
6.0 (FlowJo, LLC). Cell debris and doublets were excluded from
the analysis.

Statistical Analysis
All statistical analyses were performed with SigmaPlot software
version 14.0, from Systat Software, Inc., San Jose California USA,
www.systatsoftware.com. Data normality was assessed by
Kolmogorov-Smirnov with Lilliefors correction. Variables that
followed normal distribution were plotted as mean ± standard
error mean (s.e.m), represented as bars and analyzed with one
way-analysis of variance (ANOVA) with Student-Newman-
Keuls (SNK) post-hoc. While variables that did not follow
normal distribution, semi-quantitative variables, normalized
variables or percentages, were plotted as median + range,
represented as boxes and analyzed with the Mann-Whitney
test (comparisons between two groups) or Kruskal-Wallis test
(comparisons between more than two groups). A value of p <
0.05 was considered to be significant.
RESULTS

Mast Cell Activation Concurs With the
Control of Listeria monocytogenes
Infection
Previous studies have noticed that MC can respond to L.m
infect ion through degranulat ion, ROS product ion,
internalization, and clearance of this bacterium (16–18). To
corroborate the presence of these MC activation mechanisms
during L.m infection, we incubated BMMC with different MOI
of this bacterium to determine degranulation either through the
surface expression of CD107a (Figure 1A) or b-hexosaminidase
release (Figure 1B), ROS production with detection of O−

2

(Figure 1C) and internalization and clearance of L.m by
evaluating intracellular CFU (Figure 1D). We found that
degranulation and O−

2 production from BMMC occurred using
L.m MOI 100:1 (Figures 1A–C). Also, we detected viable
bacteria within BMMC at 0-hour post-infection (hpi) with the
different MOI of L.m tested; however, we recovered small
amounts of this bacterium at 24h, corresponding to a
Frontiers in Immunology | www.frontiersin.org 4
reduction of more than 3 logarithms for any MOI tested
(Figure 1D). These results indicate that BMMC degranulate
and produce ROS with high amounts of L.m and that BMMC are
capable of internalizing and controlling L.m infection.

Listeria monocytogenes Induces Mast Cell
Cytokine and Chemokine Release
Previous reports have shown that L.m induces the de novo
synthesis of different cytokines and chemokines (16, 33). To
further corroborate the MC response to L.m we determined the
production of TNF-a, IL-1b, IL-6, IL-13 and MCP-1. We
stimulated BMMC with different MOI of L.m and at 24 h we
determined the levels of each mediator. We found that BMMC
produced TNF-a with MOI 1:1, 10:1 and 100:1 of L.m
(Figure 2A). While IL-1b production was only detected in
BMMC incubated with MOI 100:1 of L.m (Figure 2B).
Similarly, we found that this bacterium induced IL-6
(Figure 2C) and IL-13 (Figure 2D) only with MOI 100:1 of
L.m in BMMC. While MCP-1 was induced with MOI 10:1 and
100:1 of L.m in BMMC (Figure 2E). Together, these results
indicate that L.m induces de novo synthesis of cytokines
and chemokines.

Listeria monocytogenes Induces the
Activation of Signaling Pathways
Associated With TLR Activation on
Mast Cells
Since L.m promoted the activation of BMMC, we decided to
evaluate if this was associated with the induction of some
intracellular signals that are associated with TLR receptors
(22). To this end, we incubated BMMC with L.m (MOI 100:1)
and determined the phosphorylation of some signaling proteins
by flow cytometry. Initially we evaluated the phosphorylation of
ERK 1/2 (Figure 3A) and p38 (Figure 3B), molecules belonging
to the MAPK signaling pathway and which have been related to
the production of pro-inflammatory cytokines in macrophages
infected with L.m (34, 35). Interestingly, we found that L.m
induced phosphorylation of both signaling proteins in BMMC
(Figures 3A, B). An important transcription factor in the
production of pro-inflammatory cytokines and chemokines by
macrophages infected with L.m is NF-kB (34). Therefore, we
determined whether this transcription factor was activated in
BMMC in response to L.m, by evaluating the phosphorylation of
p65 subunit. Interestingly, we found that L.m induced
phosphorylation of p65 in BMMC (Figure 3C). Together,
these results indicate that L.m induces the activation in BMMC
of cell signaling molecules that are associated with
TLR activation.

TLR2 Is Not Involved in Mast Cell
Degranulation, ROS Release, Endocytosis
and Listeria monocytogenes Clearance
One of the main receptors found in various cells of the innate
immune response that recognizes different components of the
cell wall of Gram-positive bacteria, such as L.m, is TLR2 (20).
The importance of macrophage TLR2 for phagocytosis and ROS
June 2021 | Volume 12 | Article 650779
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production during infection with L.m has been demonstrated
previously (36). Furthermore, BMMC TLR2 is known to
participate in degranulation upon stimulation with
peptidoglycan (PGN) (26). Based on these findings, we decided
to evaluate whether TLR2 is involved in recognizing L.m and
promoting the activation mechanisms in MC. Because some
studies have suggested that humanMCs do not express TLR (37),
we evaluated the expression of this receptor on the surface of
BMMC by flow cytometry. As reported previously (18, 22), this
receptor was present in BMMC (Figure 4A). Afterwards, we pre-
incubated BMMC with anti-TLR2 or isotype control for 30
minutes and then added to L.m (MOI 100:1). Then again, we
evaluated cell degranulation through CD107a expression, ROS
production with O−

2 detection, endocytic and bactericidal activity
with intracellular CFU. We found that TLR2 blockade did not
affect degranulation (Figure 4B), the levels of O−

2 produced
(Figure 4C). We did not observe any change in the endocytic
or bactericidal activity of BMMC incubated with L.m when TLR2
was blocked (Figures 4D, E). Altogether, our results indicate that
MC TLR2 is not involved in the development of degranulation,
ROS production, endocytosis or bacteria clearance during
L.m infection.
Frontiers in Immunology | www.frontiersin.org 5
Mast Cell TLR2 Participates in IL-6 and
IL-13 Production During Listeria
monocytogenes Infection
Previous studies have shown the importance of macrophage
TLR2 activation for the secretion of IL-1b, IL-6, TNF-a, IFN-b
during the infection with L.m (38, 39). Furthermore, MyD88-
deficient BMMC are reduced in their ability to produce IL-6 and
MCP-1 in response to L.m implying a role of TLR inMC response
(16). Therefore, we decided to investigate whether this MC TLR2
could mediate de novo synthesis of the cytokines TNF-a, IL-1b,
IL-6, IL-13 and MCP-1 in two different sources of MCs:
peritoneal MCs (PMC) and bone-marrow-derived MCs
(BMMC). To this end, we pre-incubated MCs with 200 ng/mL
anti-TLR2, a dose that efficiently blocks the interaction of TLR-2
and its natural ligand (Supplementary Figure 5), or its respective
isotype control for 30 minutes and then stimulated with L.mMOI
100:1 for 24 h. We found that blocking TLR2 in both PMC and
BMMC did not affect the levels of TNF-a (Figure 5A), IL-1b
(Figure 5B) or MCP-1 (Figure 5E). However, we observed that
blocking this receptor significantly reduced the levels of IL-6
(Figure 5C) and IL-13 (Figure 5D) in both PMC and BMMC.
These results show that MC TLR2 does not participate in the
A B

DC

FIGURE 1 | Mast cell activation in response to Listeria monocytogenes infection. (A) 2.5X105 BMMC/0.25 mL of complete medium were stimulated with L.m for 90
minutes at the MOI indicated. BMMC degranulation was determined by flow cytometry. Left panel shows representative zebra-plots. Right panel shows the fold
change in the percentage of FcϵRI+/CD107a+ cells with respect to unstimulated MC. (sum of 4 independent experiments, n=4 per group; ***p<0.001; Kruskal-Wallis
test). (B) 2.5X105 BMMC/0.25 mL of complete medium were stimulated with L.m at the MOI indicated or PMA (125 nM) plus Ionomycin (Iono; 10 mM) for 90
minutes. BMMC degranulation was determined through beta-hexosaminidase release as indicated in Material and methods. (sum of 4 independent experiments, n=4
per group; *p<0.05, **p<0.01 ***p<0.001; Kruskal-Wallis test). (C) 2.5X105 BMMC/0.25 mL of RPMI-1640 without phenol red were stimulated with L.m for 2 h at the
MOI indicated. Afterwards, the O−

2determination was performed by the NBT reduction assay. (sum of 4 independent experiments, n=4 per group; ***p<0.001;
Kruskal-Wallis test). (D) 2.5X105 BMMC/0.25 mL of complete medium were infected with L.m for 2 h at the MOI indicated. Intracellular bacteria were quantified by
CFU assay as indicated in Material and methods. (sum of 4 independent experiments, n=4 per group; **p<0.01; Mann-Whitney test).
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production of TNF-a, IL-1b; and MCP-1; but regulates IL-6 and
IL-13 production during L.m infection.

To discern which cell signaling pathway was regulated in MC
by TLR2 during L.m infection, p38, ERK and p65 activation was
evaluated after incubating MCs with anti-TLR2. Interestingly, we
noticed that p38 phosphorylation was inhibited when TLR-2 was
blocked, while ERK and p65 phosphorylation were not affected
(Figures 6A–C). This result showed that p38 cell signaling is
regulated by TLR2 in MCs during L.m infection.

Finally, previous reports indicate that L.m soluble products,
like listeriolysin O, can activate MCs through increasing
intracellular Ca2+ by altering endoplasmic reticulum
independently of MCs receptors (17). To evaluate whether MC
TLR2 was involved in LLO mediated activation, BMMCs were
incubated with blocking antibodies to TLR-2 and stimulated with
1000 ng/mL LLO, a dose that did not induced MC apoptosis nor
necrosis, but induced cytokine production (Supplementary
Figure 2 and 3). We noticed that MC released similar amounts
of TNF-a, IL-6, IL-13 and MCP-1 in response to LLO
independently of TLR2 (Figures 7A–D). These results indicated
that TLR2 was not necessary for MC activation by LLO.

Collectively, our data show that MC activation by TLR2
during L.m infection regulates IL-6 and IL-13 production and
suggest that other receptors could be involved in mediating other
mechanisms of MC activation (Figure 8).
DISCUSSION

MC are cells of the innate immune system that are key to the
control of diverse infectious processes, since they promote the
Frontiers in Immunology | www.frontiersin.org 6
recruitment of other effector cells, through the release of
cytokines and chemokines (2). In experimental murine
listeriosis model, MC are crucial in controlling the infection by
promoting recruitment of neutrophils to the site of infection
(10). Therefore, this suggests that MC can recognize L.m and get
activated. However, little is known about the MC receptors
involved in recognizing the bacteria and whether these
interactions mediate MC activation.

In this study, we confirmed that L.m activates MC by
inducing cell degranulation and ROS production. In addition,
L.m infects MC, but they control the intracellular bacterial load.
Moreover, MC produce different cytokines in response to L.m.
We also provide evidence that L.m promotes the activation of
some intracellular signaling pathways in MC that are involved in
TLR activation. Furthermore, we demonstrate that TLR2 is not
involved in cell degranulation, ROS release or in the endocytosis
and clearance of L.m. Similarly, MC TLR2 does not participate in
the production of the inflammatory cytokines TNF-a, IL-1b and
MCP-1; but it is crucial for the production of IL-6 and IL-13 in
response to L.m infection.

MAPK pathway and NF-kB has been reported to be activated
on macrophages after infection with L.m, and their expression
are related with the production of different cytokines (34, 40, 41).
In the case of MC, MAPK is induced in response to hemolysin-
producing Escherichia coli (42), streptococcal exotoxin
streptolysin O (43), and E. coli LPS (44); and NF-kB in
response to E. coli LPS (29) and Candida albicans (45). Here,
we show for the first time that L.m induces the activation of
MAPK molecules (ERK and p38) and NF-kB in BMMC,
indicating that these signaling pathways are active in these cells
and could promote the cytokine and MCP-1 production.
A B

D E

C

FIGURE 2 | Listeria monocytogenes induces de novo synthesis of cytokines by mast cells. 2.5x105 BMMC/0.25 mL of complete medium were stimulated with L.m
for 24 h at the MOI indicated. Mediator levels were evaluated in culture supernatants by ELISA. (A) TNF-a, (B) IL-1b, (C) IL-6, (D) IL-13 and (E) MCP-1. (The figure
shows the sum of 3 independent experiments, n=3 per group and for each mediator; *p<0.05; **p<0.01; ***p<0.001; N.D, Not detected; One Way ANOVA test).
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TLR2 is one of the main receptors expressed in cells of the
innate immune response. TLR2 is one of the main receptors
expressed in cells of the innate immune response. Unlike TLR4,
which recognizes ligands such as lipopolysaccharide (LPS) and
mannuronic acid polymers from Gram-negative bacteria, some
viral components and Damage-associated molecular patterns
(DAMP) (46). TLR2 recognizes different ligands including
diacyl-lipopeptides, lipoarabinomannan, lipoproteins,
lipoteichoic acid (LTA), peptidoglycan (PGN), porins,
Frontiers in Immunology | www.frontiersin.org 7
phospholipomannan and zymosan (20). Although TLR4 also
recognizes ligands from Gram-positive bacteria such as LTA (46)
or LLO from L.m (47), TLR2 seems to play a more important role
in the recognition of Gram-positive bacteria, such as L. m (20)
and is expressed on MC, as shown here and by others (29, 48,
49). Interestingly, TLR2-deficient mice are susceptible to L.m
infection (28). Although TLR2 has been involved in MC
degranulation against S. aureus PGN (26), L.m seems not to be
inducing this mechanism through TLR2. Therefore, our findings
A

B

C

FIGURE 3 | Listeria monocytogenes induce the phosphorylation of cell signaling proteins involved in TLR activation in mast cells. 2.5x105 BMMC/0.25 mL of
complete medium were stimulated with L.m at MOI 100:1 for different times to determine the phosphorylation of (A) ERK 1/2 at 15 minutes, (B) p38 at 60 minutes
and (C) p65 at 30 minutes by flow cytometry. The graphs show the median fluorescence intensity (MFI). (Sum of 4 independent experiments, n=4 per group and for
each phospho-protein. *p<0.05; Mann-Whitney test).
June 2021 | Volume 12 | Article 650779

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Soria-Castro et al. TLR-2 Regulates Mast Cell-Activation by Listeria monocytogenes
suggest that TLR2-independent interactions promote MC
degranulation against L.m.

ROS production in L.m infected MC is associated with the
release of MC extracellular traps (MCET), through a mechanism
dependent on NADPH oxidase, MCET contribute to L.m
extracellular clearance (18). Moreover, ROS production also
promotes the intracellular clearance of internalized E. coli in
MC endosomes (50). Furthermore, TLR2 promotes in L.m
infected macrophages to the release of mitochondrial ROS
associated with TNF-a, IL-1b and IL-6 synthesis via NF-kB
and MAPK activation (36). However, our findings suggest that
ROS release by L.m infected MC is not associated with
TLR2- interactions.

Despite L.m endocytosis by macrophages has been shown be
dependent of PI3K-AKT-Rac1 signaling pathway induced by
TLR2 (23), we did not find any involvement of TLR2 in L.m
endocytosis by MC. One possibility is that L.m entry does not
involve TLR2 in MC. Additionally, we also noticed that MC
TLR2 did not participate in L.m intracellular clearance, contrary
to what is observed in TLR2-deficient MC infected with F.
tularensis (24). This suggests that different signals may
promote the activation of intrinsic microbicidal mechanisms in
MC or that L.m virulence factors may promote the permanence
of this bacterium within MC (16).
Frontiers in Immunology | www.frontiersin.org 8
MC release a wide variety of cytokines and chemokines in
response to L.m, including TNF-a, IL-1b, IL-6, IL-13 and MCP-
1 (15, 16, 33). Interestingly, TNF-a or TNF-receptor deficient
mice are highly susceptible to L.m infection (51–53). This could
be associated with the TNF-a exacerbation of intracellular killing
of L.m by macrophages through ROS and nitric oxide
production (54, 55). On the other hand, antibody-mediated IL-
1 receptor blockade affects neutrophil recruitment and
macrophage activation in L.m-infected mice (56), which
coincides with an increase in bacterial load in the spleen and
liver (57). Similarly, mice deficient in MCP-1 are more
susceptible to L.m infection, which correlates with poor
recruitment of inflammatory monocytes (58). While IL-6
deficient mice are unable to mobilize neutrophils from the
bone marrow into the blood circulation, making them highly
susceptible to L.m infection (59). Finally, administration of IL-13
to mice infected with L.m favors infection control, which
coincides with enhanced NK cells activation and an increase in
serum IL-12 concentration (60). Therefore, these mediators
produced by MC may contribute significantly to host defense
against L. m infection.

In contrast to previous reports where it has been shown that
TLR2-deficient MC exhibit a reduced production of TNF-a in
response to S. aureus PGN (29) and S. equi (61), we found TNF-
A B

D EC

FIGURE 4 | Mast cell degranulation, ROS production, endocytosis and clearance of Listeria monocytogenes are TLR2-independent. (A). 2.5x105 BMMC were
marked with anti-TLR2-biotin (1 mg/0.1 mL) or biotinylated isotype control (I.C) (1 mg/0.1 mL) and stained with streptavidin-APC. Staining was evaluated by flow
cytometry. (B) 2.5x105 BMMC/0.25 mL of complete medium were preincubated with anti-TLR2 for 30 minutes and then were stimulated with L.m (MOI 100:1) for
90 minutes. BMMC degranulation was determined by flow cytometry. Left panel shows representative zebra-plots. Right panel shows the fold change in the
percentage of FcϵRI+/CD107a+ cells with respect to unstimulated MC (sum of 4 independent experiments, n=4 per group; N.S, Not Significance; Kruskal-Wallis
test). (C) 2.5x105 BMMC/0.25 mL of complete medium were preincubated with anti-TLR2 for 30 minutes. Afterwards, were stimulated with L.m (MOI 100:1) for
2 h. Then, the determination was performed by the NBT reduction assay (sum of 4 independent experiments, n=4 per group; N.S, Not Significance; Kruskal-Wallis
test). (D, E) 2.5x105 BMMC/0.25 mL of complete medium were preincubated with anti-TLR2 for 30 minutes. Afterwards, were stimulated with L.m (MOI 100:1) for
2 h. Then the O−

2 intracellular bacteria were quantified by CFU assay. (D) Graphs show the percentage of endocytic activity (CFU at 0 h/MOI added x 100).
(E) Graphs show the percentage of bactericidal activity (100-(CFU at 24 h/CFU at 0 h) x 100). (sum of 4 independent experiments, n=4 per group; N.S, Not
Significance; Kruskal-Wallis test).
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a production was independent to TLR2 signals. A possibility for
this difference could rely on the ability of L.m to release the
virulent factor LLO. Previous studies, showed that LLO increases
intracellular calcium levels in MC, leading to activation of NFAT,
a transcription factor that promotes TNF-a synthesis (17).
Furthermore, we observed that BMMC produced significant
amount of TNF-a after being stimulated with LLO
(Supplementary Figure 3), and this production was not
affected when TLR2 was blocked (Figure 7A). This suggest
LLO-activated signaling pathway is more relevant than TLR2
for the production of TNF-a in MC.

Similarly, TLR2 was not involved in IL-1b production by L.m
infected MC. This coincides with findings in MyD88 or TLR2/4
-deficient MC infected with L.m (33). IL-1b production in L.m-
infected macrophages depends on both the recognition of L.m
lipoproteins by TLR2 and the recognition of L.m PGN fragments
by NOD1/NOD2 receptors intracellularly. In both cases, pro-IL-
1b transcription through NF-kB is induced (62, 63). Therefore,
we suggest that TLR2 is not mediating IL-1b production by L.m
infected MC and that PGN of this bacterium may induce its
production through their recognition by NOD1/NOD2.
Furthermore, other interactions could mediate the production
of this cytokine, such as integrin a1b2 (CD49b/CD29), which
has been shown partially involved in IL-1b production by L.m
stimulated MC (64).

We observed that TLR2 was not involved in MCP-1
production by L.m infected MC. Interestingly, TLR2 is
important for the production of this chemokine by S. equi
Frontiers in Immunology | www.frontiersin.org 9
infected MC (61). This suggests that other PRR are involved in
the production of MCP-1 in response to L.m. MCP-1 production
is dependent on NF-kB activation (65). Therefore, different
signaling pathways that converge in NF-kB may be involved in
its production. The recognition of L.m PGN by NOD1/NOD2
receptors would contribute to the activation of NF-kB and thus
the induction of MCP-1. Interestingly, MCP-1 production in MC
infected with L.m, depends partially on the signaling carried by
MyD88, E-cadherin-IntA interaction and LLO (16).

However, we observed that TLR2 participates in the
production of IL-6 and IL-13 in MC infected with L.m. In fact,
TLR2-deficient MC exhibit a reduced production of IL-6 in
response to S. aureus PGN (26) and S. equi (61); and MyD88-
deficient MC stimulated with S. aureus PGN and L.m are unable
to produce IL-6 (16). Moreover, IL-13 production is TLR2-
dependent in MC stimulated with bacterial pathogens such as S.
equi (61) or with peptidoglycan from S. aureus (26). Therefore, we
suggest that MC TLR2 may recognize the cell wall components of
L.m and thus promote IL-6 and IL-13 synthesis. IL-6 expression is
generally associated with NF-kB, MAPK/AP-1, C/EBP, CREB and
PI3K/AKT activation (66–69) and interestingly, TLR2-MyD88
signaling leads to activation of NF-kB, MAPK/AP-1, PI3K/AKT
(22, 70). Our results indicate L.m is inducing NF-kB, ERK and
p38 activation. Interestingly, p38 was the only cell signaling
pathway modulated by TLR2 which could be involved in IL-6
and IL-13 production, as has been described in BMMC stimulated
with IL-33 (71). On the other hand, a recent study demonstrated
that L.m induces ERK 1/2 phosphorylation in human epithelial
A B

D E

C

FIGURE 5 | Mast cells TLR2 is required for IL-6 and IL-13 production in response to Listeria monocytogenes. 2.5x105 BMMC or 2.5x105 PMC in 0.25 mL of
complete medium were preincubated with anti-TLR2 for 30 minutes and then were stimulated with L.m (MOI 100:1) for 24 h. Mediators levels were evaluated in
culture supernatants by ELISA. (A) TNF-a, (B) IL-1b, (C) IL-6, (D) IL-13 and (E) MCP-1. Data are expressed as percentage of cytokine production, considering as
100% the production induced for L.m only. (Sum of 6 independent experiments, n=6 per group and for each mediator for BMMC (light grey boxes); sum of 4
independent experiments, n=4 per group and for each mediator for PMC (dark grey boxes); N.D, Not detected; N.S, Not Significance; **p<0.01, ***p<0.001;
Kruskal-Wallis test).
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FIGURE 6 | Mast cells TLR2 regulates p38 activation in response to Listeria monocytogenes. 2.5x105 BMMC/0.25 mL of complete medium were preincubated with
anti-TLR2 for 30 minutes and then were stimulated with L.m (MOI 100:1) for different times to determine the phosphorylation of (A) ERK 1/2 at 15 minutes, (B) p38
at 60 minutes and (C) p65 at 30 minutes by flow cytometry. The graphs show the median fluorescence intensity (MFI). (The figure shows the sum of 4 independent
experiments, n=4 per group and for each phospho-protein. **p<0.01; N.S, Not Significance; Kruskal-Wallis test).
Frontiers in Immunology | www.frontiersin.org June 2021 | Volume 12 | Article 65077910

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Soria-Castro et al. TLR-2 Regulates Mast Cell-Activation by Listeria monocytogenes
Caco-2 cells, mediated mainly by LLO binding to cholesterol and
subsequent pore formation. Interestingly, this effect correlates
with the ability of L.m to invade and replicate into fibroblasts and
macrophages (72). Therefore, we suggest that ERK 1/2 activation
in L.m-stimulated MC may be LLO-dependent. However, it is
unclear whether L.m takes advantage of this signaling pathway in
MC to invade and replicate in them beyond promoting the
induction of proinflammatory cytokines.

Interestingly, we found that LLO induced the release of IL-6
and IL-13 by MC, without requiring TLR2 signaling. This shows
that multiple L.m pathogen-associated molecular patterns
(PAMPs) lead to IL-6 and IL-13 production, indicating a vital
role of these cytokines in the host immune response to L.m, and
suggests that LLO could be recognized by MC through other
receptors, with TLR4 being a potential candidate (47, 73).

IL-13 together with IL-4, IL-5 and IL-10 belong to the group
of cytokines of the type 2 response profile, since they promote the
induction of the humoral immune response by favoring the
production of antibodies by B cells, diminish the cellular
immune response and lead to an anti-inflammatory
environment (74, 75). The type response profile 2 cytokines
Frontiers in Immunology | www.frontiersin.org 11
and other mediators produced by MC are able to direct, amplify
and perpetuate the Th2 immune response in allergy, helminthic
infection and in oral immunization models (76–80). Interestingly
type 2 response has been recently associated as a relevant
mechanism during bacterial infection, in particular during the
skin infection with S. aureus, by favoring IgE production and
effector mechanisms regulated by MC (81). Our results suggest
that MC TLR2 could have a relevant role during the innate
immune response to bacteria and promote an environment that
favors type-2 immune response. However, it is unclear whether
this response could be elicited by L.m. Our findings suggest that
IL-13 production by MC responds to different L.m-activated
signals, some independent of TLR2 (as is the case with LLO).
This is surprising since previous studies have shown that LLO
inhibits Th2-mediated reactions in murine models of allergic
rhinitis (82). Thus, the functional role of IL-13 produced by MC
in the context of L.m infection needs to be further explored.

In conclusion, our results show that L.m induces the
activation of signaling pathways in mast cells, mainly related to
cytokines synthesis. In addition, TLR2 participates in IL-6 and
IL-13 production and p38 activation. While TNF-a, IL-1b,
A B

DC

FIGURE 7 | Cytokine production by mast cells in response to Listeriolysin-O is independent of TLR2. 2.5x105 BMMC/0.25 mL of complete medium were
preincubated with anti-TLR2 for 30 minutes and then were stimulated with 1000 ng/mL of Listeriolysin-O (LLO) for 24 h. Mediators levels were evaluated in culture
supernatants by ELISA. (A) TNF-a, (B) IL-6, (C) IL-13 and (D) MCP-1. (Sum of 4 independent experiments, n=4 per group and for each mediator; N.D, Not
detected; N.S, Not Significance; One Way ANOVA test).
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MCP-1 production, ROS release, cell degranulation, the
endocytic and bactericidal activity of mast cells, as well as ERK
and NF-kB activation are TLR2-independent mechanisms.
Therefore, we demonstrate that mast cell TLR2 plays a crucial
role in regulating the synthesis of IL-6 and IL-13 during Listeria
monocytogenes infection in MC.
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Flores-Mejıá R, Estrada-Parra S, et al. Mast Cells in Lung Homeostasis:
Beyond Type I Hypersensitivity. Curr Respir Med Rev (2014) 10:115–23.
doi: 10.2174/1573398X10666141024220151

5. da Silva EZM, Jamur MC, Oliver C. Mast Cell Function: A New Vision of an
Old Cell. J Histochem Cytochem (2014) 62:698–738. doi: 10.1369/
0022155414545334

6. Junkins RD, Carrigan SO, Wu Z, Stadnyk AW, Cowley E, Issekutz T, et al.
Mast Cells Protect Against Pseudomonas Aeruginosa-Induced Lung Injury.
Am J Pathol (2014) 184:2310–21. doi: 10.1016/j.ajpath.2014.05.009

7. Sutherland RE, Olsen JS, McKinstry A, Villalta SA, Wolters PJ. Mast Cell IL-6
Improves Survival From Klebsiella Pneumonia and Sepsis by Enhancing
Neutrophil Killing. J Immunol (Baltimore Md : 1950) (2008) 181:5598–605.
doi: 10.4049/jimmunol.181.8.5598

8. Lei Z, Zhang D, Lu B, Zhou W, Wang D. Activation of Mast Cells in Skin
Abscess Induced by Staphylococcus Aureus (s. Aureus) Infection in Mice. Res
Vet Sci (2018) 118:66–71. doi: 10.1016/j.rvsc.2018.01.016

9. Garcia-Rodriguez KM, Goenka A, Alonso-Rasgado MT, Hernández-Pando R,
Bulfone-Paus S. The Role of Mast Cells in Tuberculosis: Orchestrating Innate
Immune Crosstalk? Front Immunol (2017) 8:1290. doi: 10.3389/
fimmu.2017.01290

10. Gekara NO,Weiss S. Mast Cells Initiate Early anti-Listeria Host Defences. Cell
Microbiol (2008) 10:225–36. doi: 10.1111/j.1462-5822.2007.01033.x

11. Radoshevich L, Cossart P. Listeria Monocytogenes: Towards a Complete
Picture of its Physiology and Pathogenesis. Nat Rev Microbiol (2018) 16:32–
46. doi: 10.1038/nrmicro.2017.126

12. Vázquez-Boland JA, Kuhn M, Berche P, Chakraborty T, Domı́ nguez-Bernal
G, Goebel W, et al. Listeria Pathogenesis and Molecular Virulence
Determinants. Clin Microbiol Rev (2001) 14:584–640. doi: 10.1128/
CMR.14.3.584-640.2001
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Rodrıǵuez MJ, Lamas M, Gonzalez-Espinosa C. Signal Transduction
Pathways Activated by Innate Immunity in Mast Cells: Translating Sensing of
Changes Into Specific Responses. Cells (2020) 9:1–39. doi: 10.3390/cells9112411

23. Shen Y, Kawamura I, Nomura T, Tsuchiya K, Hara H, Dewamitta SR, et al.
Toll-Like Receptor 2- and MyD88-dependent Phosphatidylinositol 3-Kinase
and Rac1 Activation Facilitates the Phagocytosis of Listeria Monocytogenes by
Murine Macrophages. Infect Immun (2010) 78:2857–67. doi: 10.1128/
IAI.01138-09

24. Rodriguez AR, Yu J-J, Guentzel MN, Navara CS, Klose KE, Forsthuber TG,
et al. Mast Cell Tlr2 Signaling is Crucial for Effective Killing of Francisella
Tularensis. J Immunol (2012) 188:5604–11. doi: 10.4049/jimmunol.1200039

25. Shishido T, Nozaki N, Takahashi H, Arimoto T, Niizeki T, Koyama Y, et al.
Central Role of Endogenous Toll-like Receptor-2 Activation in Regulating
Inflammation, Reactive Oxygen Species Production, and Subsequent
Neointimal Formation After Vascular Injury. Biochem Biophys Res
Commun (2006) 345:1446–53. doi: 10.1016/j.bbrc.2006.05.056

26. Supajatura V, Ushio H, Nakao A, Akira S, Okumura K, Ra C, et al. Differential
Responses of Mast Cell Toll-like Receptors 2 and 4 in Allergy and Innate
Immunity. JClinInvest (2002) 109:1351–9. doi: 10.1172/JCI14704

27. Ghosh TK, Mickelson DJ, Fink J, Solberg JC, Inglefield JR, Hook D, et al. Toll-
Like Receptor (TLR) 2-9 Agonists-Induced Cytokines and Chemokines: I.
Comparison With T Cell Receptor-Induced Responses. Cell Immunol (2006)
243:48–57. doi: 10.1016/j.cellimm.2006.12.002

28. Torres D, Barrier M, Bihl F, Quesniaux VJF, Maillet I, Akira S, et al. Toll-Like
Receptor 2 Is Required for Optimal Control of Listeria Monocytogenes
Infection. Infection Immun (2004) 72:2131–9. doi: 10.1128/IAI.72.4.2131-
2139.2004

29. Supajatura V, Ushio H, Nakao A, Okumura K, Ra C, Ogawa H. Protective
Roles of Mast Cells Against Enterobacterial Infection are Mediated by Toll-
Like Receptor 4. J Immunol (2001) 167:2250–6. doi: 10.4049/
jimmunol.167.4.2250

30. Campillo-Navarro M, Leyva-Paredes K, Donis-Maturano L, Rodrıǵuez-López
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