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Abstract
Trichinella spiralis is a foodborne zoonotic nematode, which causes trichinellosis. During the infection, parasite evades the host
immune responses by direct and indirect (through excretory-secretory products) contact with host immune cells. One of the main
targets for immunomodulation induced by helminths are macrophages. In this study, we examined whether direct contact of
different stages of T. spiralis can affect the polarization of human THP-1 macrophages. Co-culture of adult parasite stage and
cells in direct contact without LPS addition had a significant impact on TNFα levels. Interestingly, in settings with the addition of
LPS, the levels of IL-1β and TNFα significantly increased in adult parasite and newborn larvae (NBL) but not for muscle larvae
(ML). While we tested muscle larvae ESP products to compare its effect with whole ML parasite, we detect an increase of pro-
inflammatory cytokines like IL-1β and TNFα in no LPS conditions. Whereas, muscle larvae ESP significantly suppressed the
inflammatory response measured by IL-1β, TNFα, and IL-6 levels and anti-inflammatory IL-10 compared to LPS control. Our
findings indicate the anti-inflammatory potential of T. spiralismuscle larvae excretory-secretory products and propose signaling
pathways which might be engaged in the mechanism of how muscle larvae ESP affect human macrophages.
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Introduction

Trichinella spiralis is a zoonotic nematode which causes hu-
man disease, trichinellosis. Pathological processes of the dis-
ease divide to intestinal and muscle phases (Chen et al. 2013)
where all three parasite life stages, infective muscle larvae
(ML), adult, and newborn larvae (NBL), develop in one host.
The source of infection is raw or undercooked meat of animals
infected with this parasite. Infective ML are released in the
stomach, molt, and develop into an adult stage in the small
intestine. Newborn larvae are released into the circulation and
spread throughout the organs and tissues, reaching striated
muscles where their maturation into muscle larvae is possible.
During the infection, different stages of T. spiralis interact
with the host immune system to evade or dampen the immune

responses (Bruschi 2002). Intestinal phase induces pathologi-
cal changes resulting in inflammatory responses (Khan and
Collins 2004). This early intestinal immune response is due
to the interaction of parasite with intestinal mucosal cells and
present immune cells. During this phase, the immune response
involves predominantly Th1 and subsequent predominance of
a Th2 response in the muscle stage of infection with high
expression of IL-4, IL-10, and IL-13 (Yu et al. 2013).
Contradictory, other research shows an increase in intestinal
mucosal immune cells of infected mice and induced mixed
Th1/Th2 phenotypes with a predominance of Th2 already at
the early stage of infection (Ding et al. 2017). How does
T. spiralis regulate the host immune response remains to be
elucidated.

The parasite completes its whole life cycle in one host,
affecting the host immune system with surface molecules
and excretory-secretory products (ESP) from each life cy-
cle stage. Most research focus on the immunomodulatory
properties of ML ESP, and the knowledge of modulation
by different stages of the parasite is limited. Through the
infection, parasite interacts with immune cells via direct
contact or more indirectly through excretory-secretory
molecules.

Section Editor: Abdul Jabbar

* Anna Zawistowska-Deniziak
anna.zawistowska@twarda.pan.pl

1 Witold Stefański Institute of Parasitology, Polish Academy of
Sciences, Warsaw, Poland

https://doi.org/10.1007/s00436-020-07000-y

/ Published online: 8 January 2021

Parasitology Research (2021) 120:569–578

http://crossmark.crossref.org/dialog/?doi=10.1007/s00436-020-07000-y&domain=pdf
https://orcid.org/0000-0001-6990-9165
https://orcid.org/0000-0002-7789-2751
https://orcid.org/0000-0001-8111-7929
mailto:anna.zawistowska@twarda.pan.pl


The host immune system needs to recognize and react to
pathogen-associated molecular patterns (PAMPs) to initiate
and develop an adaptive immune response. This process de-
pends on crucial players—professional antigen-presenting
cells (APCs) such as dendritic cells (DCs) and macrophages.
APCs recognize and react to PAMPs through pattern recogni-
tion receptors (PRRs) such as toll-like receptors (TLRs) and
C-type lectin receptors (CLR) (Reis e Sousa 2001). Helminths
are targeting these interactions by blocking PRR ligand-
dependent activation of DCs and macrophages. TLR signals
through MyD88 pathway, leading to the synthesis of pro-
inflammatory cytokines induced by nuclear factor kappa B
(NFκB). The in vivo infection study shows that each
T. spiralis life-cycle stage differently affects TLR expression
by having a diverse impact on host immune response (Yu
et al. 2013). Excretory-secretory products from different par-
asite stages can modulate macrophage function in vitro by
suppressing pro-inflammatory cytokines (Bai et al. 2012).
ML ESP regulate the immune response by its inhibitory effect
on DC maturation and T cell polarization (Gruden-
Movsesijan et al. 2011; Ilic et al. 2018; Sun et al. 2019).

Our study aimed to investigate the effect of parasite stages
(adult worm, ML, and NBL) on the modulation of human
THP-1 macrophage activity during direct contact of parasites
with the cells. Additionally, we compared the immunomodu-
latory potential of direct ML and indirect ML ESP interaction
with macrophages in normal and inflammatory conditions in-
duced by LPS.

Materials and methods

Experimental animals and ethics statement

C3H/W mice were kept in plastic cages in the animal house
facilities of the Institute of Parasitology, PAS. Animals were
given ad libitum access to food and water, and natural photo-
period conditions were ensured. All experimental procedures
used in the present study had been pre-approved by the 1st
Local Ethical Committee for Scientific Experiments on
Animals in Warsaw, Poland (resolution nr 020/2016, 23rd of
March 2016).

Isolation of different life stages of parasite and
preparation of ESP antigens

The nematode T. spiralis, strain ISS003, was maintained by
several passages in female BALB/c mice at the Institute of
Parasitology, PAS. ESPwere obtained from T. spiralismuscle
larvae recovered from experimentally infected mice (Kapel
and Gamble 2000). Infection of mice was carried out using
500 T. spiralis ML at least 3 months before their euthanasia.
The recovery of ML was performed by standard HCl-pepsin

digestion of tissue followed by several washes with water
through succeeding steps of sedimentation in cylinders.
After the final sedimentation, the ML were collected. The
larval pellet was extensively washed three times in sterile
RPMI supplemented with antibiotics (50 U/ml penicillin,
50 μg/ml streptomycin). ESP were collected from ML culti-
vated in RPMI 1640 medium (Sigma) supplemented with
25 mMHEPES, 2 mM L-glutamine, antibiotics (50 U/ml pen-
icillin, 50 μg/ml streptomycin) and incubated with 5% CO2 in
a 75 cm2 culture flask at 37 °C for up to 18 h, followed by
sedimentation in 50 ml conical tubes. Culture fluid containing
the ML ESP were filtered through a 0.22-μm filter and con-
centrated on Amicon® Ultra Centrifugal Filters Ultracel-3K
(Millipore). Protein concentration (ESP) was determined in
the Bradford protein assay. Samples were stored at − 80 °C
until analysis. ML used for direct culture with macrophages
were added to the cells directly after washing with sterile
RPMI and counting. Adult-stage parasites were collected from
the small intestine of BALB/c mice (3–4 months old thirty-
five BALB/c mice were infected with 900 ML) 6 days post-
infection (dpi). NBL were recovered from adult worms incu-
bated in culture medium for 18 h. The intestines were washed
in water and cut into pieces of approximately 20 × 20 mm.
The intestinal fragments were incubated for 2 h at 37 °C on
a mesh placed on top of a conical dish filled with RPMI
medium supplemented with 25 mM HEPES, 2 mM L-gluta-
mine, antibiotics (50 U/ml penicillin, 50 μg/ml streptomycin).
The adult worms collected from the bottom of the dish were
washed and incubated in RPMI medium supplemented with
25 mMHEPES, 2 mM L-glutamine, antibiotics (50 U/ml pen-
icillin, 50 μg/ml streptomycin), and 1 mM Na-pyruvate for
18 h at 37 °C in a humidified atmosphere of 5% CO2. After
cultivation, NBL were separated from adult worms with a
sterile, 75-μm sieve (Beiting et al. 2004). Both parasite stages
were intensively washed three times in fresh RPMI medium,
counted and used for culture with macrophages. Only the
viable parasites were used for cell stimulation as judged by
their motility in microscopic evaluation.

Cell culture and stimulation

A human monocyte cell line THP-1 was purchased from the
American Type Culture Collection (ATCC). Cells were cul-
tured in RPMI 1640 medium supplemented with 10% fetal
bovine serum, 2 mM glutamine, 100 U/ml penicillin, and
100 μg/ml streptomycin at 37 °C in a humidified atmosphere
of 5% CO2. Cells were plated in 6-well plates at a seeding
density of 1 × 106 cells/well in whole volume of 4.8 ml/well.
The differentiation of cells into macrophages was performed
in the presence of 100 ng/ml phorbol 12-myristate 13-acetate
(PMA) for 72 h followed by two washes with fresh media w/o
PMA. For each well 50 adults, 100 ML/NBL or 5 μg/ml of
ESP were added. The concentration of ESP was chosen based
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on previously published papers (Aranzamendi et al. 2012; Bai
et al. 2012; Du et al. 2014; Langelaar et al. 2009). In LPS-
treated cells, LPS (100 ng/ml) was added 1 h before the stim-
ulation with ESP or the parasite. Culture media was collected
after 24 h stimulation. Cells were washed with sterile PBS and
lysed with lysis buffer from Proteome Profiler kit (R&D) for
phosphokinase analysis or treated with fenozol supplied with
total RNA kit (A&A Biotechnology) for RNA isolation and
stored in − 80 until use.

cDNA synthesis and real-time PCR analysis

Total RNAs were isolated from the cells stimulated with ES
products or whole parasite according to the kit manufacturer’s
instructions. The parasites were washed out from the cells
with additional PBS washing steps. For the first-strand
cDNA synthesis, 0.7 μg of total isolated RNA were used
according to protocol of Maxima™. First Strand cDNA
Synthesis Kit for RT-qPCR (Thermo Scientific). The
Luminaris Color HiGreen High ROX qPCR master mix
(Thermo Scientific) was used for 10 μl qPCR reactions in
StepOne Real-Time PCR System, Applied Biosystems.

Gene-specific primers, presented in Table 1, are intron-
spanning and were purchased from Sigma. Primers sequences
were designed or taken from the JaguinM. et al. (2013) paper.
In the experiment, two housekeeping genes (β-actin and
RPL37A) were used. The selection of housekeeping genes
was based on a previously published paper (Maess et al.
2010). All primers pairs were designed to have a melting
temperature of about 64 °C. The reactions were performed
as follows: 2 min at 50 °C and 10 min at 95 °C followed by
40 cycles of a two-step PCR consisting of a denaturing phase
at 95 °C for 15 s and a combined annealing and extension
phase at 72 °C for 30 s. The Ct value of β-actin and
RPL37A was subtracted from that of the gene of interest to
obtain a ΔCt value. The ΔCt value of the least abundant
sample at all time points for each gene was subtracted from
the ΔCt value of each sample to obtain a ΔΔCt value. The
gene expression level relative to the calibrator was expressed
as 2-ΔΔCt.

Phospho-kinase arrays

The phospho-antibody array analysis was performed using the
Proteome Profiler Human Phospho-Kinase Array Kit from
R&D Systems according to the manufacturer’s instructions.
After 24 h stimulation macrophages were lysed with Lysis
Buffer 6 (R&D Systems) and agitated for 30 min at 4 °C.
Cell lysates were clarified by microcentrifugation at
14,000×g for 5 min, and the protein content of the superna-
tants was determined using Pierce BCA Protein Assay Kit
(Thermo Scientific). Pre-blocked nitrocellulose membranes
of the Human Phospho-Kinase Array were incubated with ~

240 μg of cellular extract overnight at 4 °C on a rocking
platform. The membranes were washed three times with 1×
WashBuffer (R&DSystems) to remove unbound proteins and
then incubated with a mixture of biotinylated detection anti-
bodies and streptavidin-HRP antibodies. Chemiluminescent
detection reagents were applied to detect spot densities.
Membranes were exposed to X-ray film for 3, 5, and
10 min. Array images were analyzed using the image analysis
software (Quantity One, Bio-Rad Laboratories, Inc.). All spe-
cific phosphorylation sites tested for each kinase are described
in Online resource 1.

ELISAs

Cytokine (TNFα, IL-1β, IL-6, IL-10) concentrations were
determined using commercial ELISA kits OptEIATM Set
Human (BD Biosciences) in culture supernatants. All experi-
ments were performed independently in triplicate. Optical
densities were read at the appropriate wavelength on a micro-
plate reader, and measurements were calculated as means ±
SEs.

Statistical analysis

ΔCt values for all genes were normalized to mean Ct of β-
actin and RPL37 housekeeping genes.ΔCt values for treated
samples and controls (calibrators) were compared by t test for
independent samples. Differences at P < 0.05 were considered
significant. Analyses were performed using Prism-GraphPad
software. Annotations used are as follows: ***P < 0.001,
**P < 0.01, and *P < 0.05. The same t test was used for the
analysis of ELISA experiments.

Results

Cytokine response in macrophages stimulated with
different stages of T. spiralis

To determine whether different stages of T. spiralis adult
worms, NBL or ML altered the cytokine response of human
macrophages, several key pro-inflammatory and anti-
inflammatory cytokines were measured by ELISA. Co-
culture of parasite and cells in direct contact without LPS
addition had no significant impact on IL-1β levels. At the
same time, we could observe considerable induction of
TNFα in adult stage culture and slight but notable increase
of IL-10 with NBL (Online resource 1).

Interestingly, in settings with the addition of LPS, the levels
of IL-1β and TNFα significantly increased in adult parasite
co-culture, and the same pattern was observed for NBL but
not for ML. No changes in IL-6 secretion were detected for all
stages of T. spiralis (Fig. 1).
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While we tested ES products to compare its effect with
whole ML parasite, we detected an increase of pro-
inflammatory cytokines such as IL-1β and TNFα in no LPS
settings. The levels of IL-6 in experiments without LPS were
undetectable using selected ELISA kit. ML ESP significantly
suppressed the inflammatory response judging by IL-1β,
TNFα, and IL-6 levels compared with LPS control but also
inhibits the anti-inflammatory IL-10 in these conditions (Fig.
1, Online resource 1).

Change in kinase phosphorylation profiles in THP-1
macrophages after ESP and ML stimulation

To find the signaling pathway, which might be involved in
ML ESP mechanism to dampen the inflammation, we
screened the phosphorylation of kinases crucial in many dif-
ferent paths. Stimulation with ESP and LPS induces substan-
tial fold increase of Hsp60, Hsp27, c-Jun, and STAT3 versus
control LPS samples. In this condition, the phosphorylation of
β-catenin, ERK1/2, and Akt 1/2/3 S473 decrease comparing
with control (Fig. 2). While in ML samples, there was no
phosphorylation decrease detected, we could identify an evi-
dent increase in phosphorylation of STAT3, eNOS, and

similarly to ESP, higher levels of Hsp60 and Hsp70 (Fig. 2).
Analysis of stimulation with ESPwithout LPS revealed higher
fold increase of Hsp60, Hsp27 JNK1/2/3, and c-Jun compa-
rably with ESP + LPS, whereas among reduced phosphoryla-
tion levels, we could find ERK1/2 and Akt1/2/3 S473. InML-
stimulated cells, degrees of phosphorylation of most tested
kinases were higher than control samples (Online resource 2).

T. spiralis ESP impact on THP-1 macrophage gene
expression levels

Our findings indicate that ESP from muscle larvae has a sig-
nificant inhibitory effect on macrophage-originated cytokines.

Table 1 Primers sequences used for real-time PCR

Gene Name Forward primer Reverse primer Source

TNFα Tumor necrosis factor alpha 5′CCCATGTTGTAGCAAACCCT 5′CCCTTGAAGAGGACCTGG sd

IL-10 Interleukin-10 5′CCTGGAGGAGGTGATGCCCC
A

5′CCTGCTCCACGGCCTTGCTC sd

TGFβ Transforming growth factor beta 5′TGCGCTTGAGATCTTCAAA 5′GGGCTAGTCGCACAGAACT Jaguin et al.
(2013)

CCL3 CC chemokine type 3 (MIP-1α) 5′ACTTTGAGACGAGCAGCCAG
TG

5′TTTCTGGACCCACTCCTCAC
TG

sd

CCL4 CC chemokine type 4 (MIP-1β) 5′GTAGCTGCCTTCTGCTCTCC 5′ACCACAAAGTTGCG
AGGAAG

sd

CCL22 CC chemokine type 22 5′ATTACGTCCGTTACCGTCTG 5′TAGGCTCTTCATTGGCTCAG Jaguin et al.
(2013)

CxCL11 CXC chemokine type 11 (I-TAC) 5′CCTGGGGTAAAAGCAGTGAA 5′TGGGATTTAGGCATCGTTGT Jaguin et al.
(2013)

CHI3L-1 Chitinase-3-like protein 1 5′GATAGCCTCCAACACCCAGA 5′AATTCGGCCTTCATTTCCTT Jaguin et al.
(2013)

CD54 Cluster of differetiation 54 (ICAM-1) 5′GGCTGGAGCTGTTTGAGAAC 5′AGGAGTCGTTGCCA
TAGGTG

sd

PPARγ Peroxisome proliferator-activated recep-
tor γ

5′TTCAGAAATGCCTTGCAGTG 5′CCAACAGCTTCTCCTTCTCG Jaguin et al.
(2013)

HLA-A Major histocompatibility complex 1 5′GCAGTTGAGAGCCTACCTGG 5′CTCATGGTCAGAGA
TGGGGT

sd

HLA-DR Major histocompatibility complex 2 5′AGGCAGCATTGAAGTCAGGT 5′CTGTGCAGATTCAGACCGTG sd

ACTB β-Actin 5′ATTGCCGACAGGATGCAGAA 5′GCTGATCCACATCTGCTGGA
A

Maess et al.
(2010)

RPL37A Ribosomal protein L37a 5′ATTGAAATCAGCCAGCACGC 5′AGGAACCACAGTGC
CAGATC

Maess et al.
(2010)

sd, self-designed primers

�Fig. 1 Cytokine ELISA analysis. Cytokine levels in culture media of
THP-1 macrophages stimulated only with LPS (−), LPS and adult, mus-
cle larvae (ML), new-born larvae (NBL), or muscle larvae excretory-
secretory products (ESP). Cells (1 × 106/ml) were co-cultured for 24 h
with whole parasite or 5 μg/ml ESP with LPS (100 ng/ml) addition.
Results are presented as a mean ± SEM of three independent experiments.
Statistical analysis was performed in Prism-GraphPad program by t test.
A value of P ≤ 0.05 was considered significant (***P < 0.001;
**P < 0.01; *P < 0.05)
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To evaluate the effect of ESP on macrophage activation, we
investigated the expression of certain additional factors on
mRNA level. Stimulation of macrophages with ESP and
LPS significantly reduced TNFα gene expression compared
with control, what was also confirmed on protein level in cell
culture media analyses (Fig. 3). Additionally, expression
levels of chemokines CCL3, CXCL11, CCL22, and intracel-
lular adhesion molecule ICAM-1 were reduced after stimula-
tion with ESP. No effect was noted in the mRNA levels of
CCL4, while expression of HLA-A and HLA-DR was higher
for ESP stimulated cells as well as CHI3L1, PPARγ, TGFβ,
and IL-10 (Fig. 3).

Discussion

Helminths canmanipulate host immune responses on different
levels. Most helminths secrete an array of immune-
modulatory products that facilitate survival within their host

(Loukas et al. 2016; Maizels et al. 2018); however, the direct
contact of parasite’s surface proteins is also crucial. The inter-
action of Trichinella spiralis and host immune system is un-
clear, especially within the human host. Trying to elucidate
this, we tested how different stages of the parasite will affect
human macrophages during direct contact of whole parasites
and indirect through ESP of muscle larvae. Research shows
the influence of parasitic worms on macrophage polarization
(Kelly and O’Neill 2015), although the detailed mechanisms
underlying this process are unknown. Our team chose THP-1
human leukemia monocyte cell line to generate macrophages
as other researchers and we successfully used it previously to
test functional, cytokine, and signaling pathway changes
which may occur during helminth infection (Baska et al.
2013; Dlugosz et al. 2019; Johnston et al. 2010; Silva-
Alvarez et al. 2016; Zawistowska-Deniziak et al. 2017). We
found that co-culture of macrophages with an adult or NBL
stage significantly induced the production of inflammatory
IL-1β and TNFα in LPS-induced macrophages. Our data

Fig. 2 Phospho-kinase analysis. Changes in kinase phosphorylation
levels in macrophages stimulated with muscle larvae (ML) and muscle
larvae ESP and LPS (100 ng/ml) was determined by Proteome Profiler
Human Phospho-Kinase Array Kit. Stimulated cells were lysed with kit
lysis buffer and frozen in − 80 °C until use. As a result, we present the

adjusted mean volume (OD×mm2) fold change of ML or ESP versus
LPS control. The average intensity of the pixels in background volume
was calculated and subtracted from each pixel in all standard and
unknown
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are inconsistent with the paper of Bai et al. (2012), where
authors show suppression of pro-inflammatory cytokines in
mouse macrophages after treatment with ES products from
these parasite stages. Although in our experiment parasites
in co-culture were alive and secreting ES products, the direct
contact of surface molecules with cells might have abolished
this effect. Another possible reason is the amount of actively
released ES products, which in the end was lower than used by
Bai et al. (2012). Macrophages without LPS stimulation were
producing more TNFα after adult stage co-culture and more
IL-10 but significant only for NBL stage. The effect on IL-10
production in these conditions was the same as Bai team
shows for ES products of adult and NBL stage, and TNFα
was not tested. The direct interaction of ML with macro-
phages showed no significant change in expression of tested
cytokines.

Interestingly, we demonstrated that ESP of muscle larvae
has anti-inflammatory potential by inhibiting IL-1β, TNFα,
and IL-6 levels in cells stimulated with LPS what was consis-
tent with previous paper (Bai et al. 2012). Even though we
identified higher gene expression of IL-10 and TGFβ, the
protein level for IL-10 was reduced compared with LPS con-
trol and TGFβ was undetectable. The previous study shows
that high levels of mRNA expression do not necessarily reflect
the amount of protein secreted by the cell and cells regulate it
on a transcriptional and translational level (Vogel and
Marcotte 2012). ESP stimulated macrophages had lower ex-
pression of CLL3 but not CCL4, major factors produced by
macrophages and monocytes after stimulation with bacterial
endotoxins (Sherry et al. 1988) and cytokines like IL-1β
(Menten et al. 2002). We identified lower mRNA levels for
CXCL11—chemotactic for activated T cells (Sauty et al.
2001), and CCL22—inducer of migration of CD4 T cells
and enhancer of IFNγ production that may impair immune
tolerance (Ushio et al. 2018). Reports show T. spiralis-infect-
ed muscles area have a high density of macrophages, lower
immune cell infiltration, and the effect is IL-10 dependent
(Beiting et al. 2004), but might also be chemokine dependent.
Thus, our results suggest that ESP modulate the balance be-
tween anti-inflammatory and pro-inflammatory responses not
only on cytokine but also on chemokine levels.

Less inflammatory phenotype of macrophages induced
with muscle larvae ESP illustrates the higher expression of
PPARγ and CHI3L1, one of the characteristic factors of alter-
native macrophage activation (Chawla 2010). Several studies
demonstrate the suppressive effect of muscle larvae ES prod-
ucts on dendritic cell maturation stimulated with LPS and
increased levels of immunoregulatory cytokines (Cvetkovic
et al. 2014; Ilic et al. 2008; Sun et al. 2019). Our results clearly
show that stimulation of human macrophages with muscle
larvae ESP inhibits the inflammatory response of macro-
phages and generates a more anti-inflammatory phenotype.
Interestingly, direct co-culture of muscle larvae with

Fig. 3 Gene expression levels. Gene expression analysis was determined
by qPCR. The results are calculated as 2-ΔΔCt. ΔCt values for all genes
were normalized to mean Ct of β-actin and RPL37 housekeeping genes.
Results are presented as a mean ± SEM of three independent experiments.
Statistical analysis was performed in Prism-GraphPad program by t test.
A value of P ≤ 0.05 was considered significant (***P < 0.001;
**P < 0.01; *P < 0.05)
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macrophages lacks this effect, which may be the consequence
of a lower amount of ESP produced by larvae. Also, the pres-
ence of tegumental molecules might block the ESP impact.

To elucidate the signaling pathways that might be involved
in the anti-inflammatory effect of muscle larvae ESP, we com-
pared the levels of kinase phosphorylation after ESP and
whole ML cell treatment. The use of the commercial
Proteome Profiler Human Phospho-Kinase Array enabled si-
multaneous analysis of 43 kinase phosphorylation sites. One
of the most pronounced (about 20-fold) increase in phosphor-
ylation was observed for heat shock protein 27 (HSP27) pres-
ent in ESP and ML-treated cells compared with LPS control.
Similarly, HSP60 levels increased to the same extent in these
two conditions. Heat shock proteins play important roles in
antigen presentation, activation of lymphocytes, macro-
phages, and maturation of dendritic cells (Tsan and Gao
2009).

The most decreased phosphorylation levels specific for
ESP treatment was Akt 1/2/3 S473, ERK1/2 and β-catenin
when compare with LPS control. Considering the relevance
of ERK1/2 in signaling involved in the regulation of immune
response (Arthur and Ley 2013), the other researchers have
already tested the impact of T. spiralis ES products. While the
data presented by Bai et al. (2012) are consistent with ours, the
results of Cvetkovic et al. (2014) are contradictory. In our
experiments, inhibition of ERK phosphorylation was also
present in conditions without LPS. ERK1/2 is a member of
the mitogen-activated protein kinase family (MAPK) and its
role in LPS-induced inflammation is well known (Shi et al.
2002). The NFκB and MAPK pathways are two important
regulators of LPS-stimulated pro-inflammatory response in
macrophages. Excretory-secretory products of other hel-
minths inhibit NFκB activation (Puneet et al. 2011) and re-
duce phosphorylation of ERK 1/2 and p38 in mouse
macrophages.

The PI3K-Akt signaling pathway has also been suggested
to regulate the responses of macrophages to inflammatory
stimuli (Hazeki et al. 2007; Lee et al. 2011) and may act as a
safety mechanism to limit the response to pathogens. We ob-
served reduced phosphorylation of Akt1/2/3 on S473. The
literature shows that mammalian target of rapamycin complex
2 (mTORC2) controls the phosphorylation of this particular
serine (Sarbassov et al. 2005), and it is AMPKwhich activates
the mTORC2 (Kazyken et al. 2019). ESP stimulation also
reduced the AMPK phosphorylation levels. Our data indicate
that ESP anti-inflammatory effect might be controlled and
shaped by the mTORC1-mTORC2 network, which
reconfigures cellular metabolism and regulates translation, cy-
tokine responses, antigen presentation, macrophage polariza-
tion, and cell migration (Weichhart et al. 2015).

Interestingly, we identified reduced phosphorylation levels
for the epidermal growth factor receptor (EGFR). Activation
of EGFR reportedly couples to tyrosine kinase-induced auto-

phosphorylation, which subsequently activates multiple cellu-
lar signaling cascades like Pi3K-AKT and Raf-MAPK-ERK1/
2 pathways (Leto and Trusolino 2014; Wieduwilt and
Moasser 2008; Zhou et al. 2015). Inhibition of EGFR-
tyrosine kinase diminishes neuroinflammation and affects
Akt1/2/3 S473 and ERK1/2 phosphorylation (Chen et al.
2019).

Muscle larvae ESP highly reduced β-catenin levels, which
implies that Wnt/β-catenin signaling might be involved. The
literature shows that this pathway regulates both pro-
inflammatory (Blumenthal et al. 2006; Halleskog and
Schulte 2013) and anti-inflammatory (Suryawanshi et al.
2016; Swafford and Manicassamy 2015) responses in various
cell types. For example, activation of canonicalWnt/β-catenin
significantly induced pro-inflammatory cytokine production
secretion in murine macrophages (Yu et al. 2014). However,
knockdown of β-catenin also increased the pro-inflammatory
cytokine IL-6 expression in RAW264.7 macrophages, indi-
cating the anti-inflammatory effects ofβ-catenin in those cells
(Lee et al. 2012). In several tissues, overactivated canonical
Wnt/β-catenin pathway downregulates PPARγ, and con-
versely (Vallee and Lecarpentier 2018). Therefore, β-catenin
might play a role in the regulation of ESP anti-inflammatory
function what relates to induced PPARγ mRNA levels.

In summary, this study demonstrates that direct contact of
the parasite with macrophages might induce a different reac-
tion of macrophages when compared with excretory-secretory
products. Like the others, our data show the anti-inflammatory
potential of muscle larvae ESP on macrophages. To our
knowledge, this is the first study on human macrophages co-
cultured with T. spiraliswhole parasite at different stages. Our
analysis revealed signaling pathways which might be in-
volved in ESP anti-inflammatory function. Further research
is essential as ESP are not only a promising approach to un-
derstand host-parasite interaction but also hold potential as
therapeutics. Adoptive transfer of macrophages obtained from
infected mice and ES protein-activated macrophages is effec-
tive for prevention and treatment of airway allergy inmice and
is a promising therapeutic for treating inflammatory diseases
(Kang et al. 2019). Our future research will focus on the iden-
tification and characterization of the immunomodulatory po-
tential of single molecules present in ES products mixture.
This strategy could be crucial to fully understand the mecha-
nisms of T. spiralis immunomodulation strategy and future
use of parasite molecules as potential treatment.
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