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Abstract

Background: Here, Mesocestoides (M.) vogae infection in mice is proposed as a suitable experimental model for
studying the immunity in the peritoneal cavity of mice.

Methods: To investigate the kinetics of immune parameters in M. vogae-infected mice, we detected, using flow
cytometry, the expression of selected lymphoid and myeloid markers within the peritoneal cell population at day 0,
3,6,10, 14,19, 25, 30 and 35 post-infection. Then, using ELISA, we analyzed the cytokine IFN-y, TGF-{3, IL.-4 and IL-10
responses and the levels of anti-M. vogae IgG and IgM antibodies in the peritoneal lavage fluid. Cells isolated from the
peritoneal cavity were subjected to further molecular analysis. To assess cell activation, peritoneal cells were exposed
to LPS, and culture supernatants were collected and assayed for the level of cytokines and production of nitrite.
Ly6C+ and Ly6G+- cells were isolated using MACS from the peritoneal cells at day 35 post-infection. Both MACS-
isolated subsets were co-cultured with preactivated T cells to measure their suppressive capacity. Next, the role of
parasite excretory-secretory antigens in induction of CD11b+ myeloid cells with the suppressive phenotype and the
production of IL-10 was examined.

Results: In the peritoneal cavity an initial increase of CD11b+Gr-14F4/80""MHC 119" cells, NK, NKT cells and CD8+
cytotoxic T cells was observed in the first week of infection. At day 14 post-infection, an increase in the number of
myeloid CD11b+Gr-14 cells was detected, and most of this cell population expressed low levels of F4/80 and MHC
Il'in later stages of infection, suggesting the impairment of antigen-presenting cell functions, probably through the
excretory-secretory molecules. Moreover, we confirmed that peritoneal Gr14 cells (Ly6C+ and Ly6G+ population)
are phenotypically and functionally consistent with myeloid-derived suppressor cells. Metacestode infection elicited
high levels of IL-10 and upregulated STAT-3 in peritoneal cells. A higher level of IgM suggests that this isotype may be
predominant and is involved in the host protection.

Conclusions: Mesocestoides vogae tetrathyridia induced the recruitment of immunosuppressive cell subsets, which
may play a key role in the downregulation of immune response in long-term parasitic diseases, and excretory-secre-
tory antigens seem to be the main regulatory factor.
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Background

Larval cestodiases are zoonotic diseases caused by the
larval stages of tapeworms. They represent infections
of veterinary, medical and economic importance with
a worldwide distribution. Metacestodes of tapeworms
belonging to the family Taeniidae may develop in various
tissues or serosal cavities of intermediate hosts, causing
serious damage with a fibrous change of the surround-
ing tissue. A prominent characteristic of the host-par-
asite interplay in these infections is the dampening of
the host’s immune mechanisms actively driven by their
excretory-secretory (ES) molecules [1].

Mesocestoides spp. adults, a parasitic agent of the gas-
trointestinal tract of carnivores, can in rare cases cause
intestinal infection in humans. Like most cestode species,
their life cycle represents a predator-prey relationship.
Metacestodes of the tapeworm Mesocestoides (M.) vogae
(second larval stage) (syn. M. corti) can multiply asexu-
ally in the liver and peritoneal cavity of their intermediate
hosts, which include amphibians, reptiles and rodents.
Oral infection of mice represents a research model for
investigating the various aspects of cestode biology or
pathology [2]. Invasion of the hepatic tissue by meta-
cestodes results in extensive parenchymal destruction
with fibrosis and the development of ascites. To date, the
experimental model of larval cestodiasis has been pref-
erentially used to study host-parasite interactions, spe-
cifically in the liver [3] or the peritoneum [4]. Intracranial
inoculation of metacestodes serves as a laboratory model
of neurocysticercosis to study immunity and metaces-
todes-associated pathology in the brain [5, 6]. Infection
with M. vogae tetrathyridia as a model parasite offers
considerable potential for experimental immunologi-
cal and pharmacological studies of medically important
metacestodes of Echinococcus spp. or Taenia spp.

The modulation of immune response is a key compo-
nent of M. vogae pathology. Only a few previous stud-
ies have investigated immune-related host events, but
the mechanisms that provide long-lasting protection for
parasites are still unclear. It has been reported that intra-
peritoneal administration of IFN-y reduces the para-
site burden in mice [7], suggesting a critical role of Thl
immunity. However, increased Thl cytokines during M.
corti (M. vogae) infection is associated with lethality of
IL-47/~ mice and impairment of alternatively activated
macrophages [8]. Recently, a central role of larval ES
products in host immunomodulation by M. vogae was
demonstrated [4, 9].

The microenvironment in the peritoneal cavity can
be manipulated by metacestodes by recruiting immune
cells and regulating the cytokine balance. The multipli-
cation of metacestodes in experimental larval cestodia-
sis is a peritoneal phenomenon; therefore, we examined
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the cellular populations and various immune events in
the peritoneal cavity of infected mice at different points
in time. We observed that M. vogae infection induced a
marked expansion of CD11b+4Grl+ cells phenotypically
and functionally consistent with myeloid-derived sup-
pressor cells (MDSC). In the first 2 weeks of infection, the
number of cytotoxic CD8 T cells and NK cells increased,
and peritoneal exudate cells were able to respond to LPS
by the production of inflammatory mediators, suggesting
the presence of classically activated cells. At later points
in time, IL-10 cytokine remained predominant in the
peritoneum with apparent abrogation of the IFNy/IL-4
signaling pathway. Moreover, ES antigens released by M.
vogae tetrathyridia are essential for recruitment of mye-
loid cells and immunoregulatory mediators.

Methods

Animal infection and experiment design

Mesocestoides vogae infection is maintained by serial pas-
sage from infected mice to a naive ICR-strain of mice at
the animal facilities of the Institute of Parasitology of the
Slovak Academy of Sciences under pathogen-free condi-
tions. Metacestodes of M. vogae were collected in sterile
physiological saline from the peritoneal cavity of female
mice after 2—4 months of infection.

The experiment was carried out on 8-week-old male
BALB/c mice purchased from Velaz (Prague, Czech
Republic). The mice were infected orally (60 = 5 tetrathy-
ridia per animal) and randomly divided into eight groups
(n = 5 per group). Healthy mice were used as a control
(n = 3). Peritoneal exudates as well as peritoneal exudate
cells (PEC) were obtained on day 0, 3, 6, 10, 14, 19, 25,
30 and 35 post-infection (p.i.). In the subsequent experi-
ments aimed at studying the direct effect of parasitic ES
antigens, groups of mice (n = 5/each) received either
intraperitoneal injections of 200 pl of PBS (control) or
20 pg of ES in 200 pl of PBS and the applications of ES
and PBS were performed six times, every day for a total
6 days. The antigen doses correlated approximately with
the concentration of M. vogae secretion detected in vivo
[4]. In these experiments, peritoneal fluid and PEC were
isolated as described below and used in further analysis.

Isolation of exudates and cell preparation

Exudates from peritoneal cavities of healthy and infected
mice were collected by washing the peritoneal cavity with
1 ml of sterile PBS, and PEC were obtained by second
peritoneal lavage under sterile conditions by injections
of 5 ml of Roswell Park Memorial Institute-1640 (RPMI)
medium (Biochrom, Berlin, Germany) containing 2 mM
of stable glutamine and supplemented with 10% heat-
inactivated bovine fetal serum (Biochrom, Berlin, Ger-
many), 100 U/ml penicillin, 100 pg/ml streptomycin, 10
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pg/ml gentamicin and 2.5 pg/ml amphotericin B (com-
plete medium, CM) (all from Sigma-Aldrich, St. Louis,
MO, USA). The freshly isolated cell suspension was then
washed with LPS-free Dulbecco phosphate-buffered
saline (DPBS, Sigma-Aldrich, St. Louis, MO, USA) and
resuspended in CM. The viability and numbers of iso-
lated cells were evaluated by trypan blue exclusion test
(Sigma-Aldrich, St. Louis, MO, USA). Then, PECs were
stained with various combinations of antibodies, and
the cell suspension was subsequently aliquoted for phe-
notypic analysis by flow cytometry and an assessment
of classical cell activation (LPS stimulation of PEC). The
remainder of the unstained cell samples was utilized for
RNA extraction.

To evaluate the suppressive capacity of the perito-
neal myeloid cell subsets, Ly6G+ and Ly6C—+ cells were
separated from the PEC of infected mice at day 35 p.i.
Ly6G+- cells were isolated by positive selection using bio-
tin conjugated anti-mouse Ly6G antibody and magnetic
streptavidin nanobeads (MojoSort Mouse Ly-6G Selec-
tion Kit, Biolegend, San Diego, CA, USA). The magneti-
cally labeled fraction was separated on a MACS column
according to the manufacturer’s instructions. Ly6C+ cells
were collected from Ly6G-depleted fractions using Gr-
1-biotin antibody and magnetic streptavidin nanobeads
(both from Biolegend, San Diego, CA, USA). The purity
of various populations was determined via FACS analy-
sis, and the viability and numbers of isolated cells were
evaluated using trypan blue staining (Sigma-Aldrich, St.
Louis, MO, USA).

May-Griinwald/Giemsa staining

To evaluate the morphology of cells, 1 x 10° sorted
Ly6G+ and Ly6C+ cells were fixed on glass slides using
the cytospin technique. Then, the cells were dried and
stained with May-Griinwald/Giemsa solutions (Sigma-
Aldrich, St. Louis, MO, USA) according to the standard
procedure. The stained cells were then observed under
a light microscope (Olympus, Prague, Czech Repub-
lic), and an analysis of the cell types was done at 1000x
magnification.

Flow cytometric analysis

PEC were enumerated (n = 5/infected group; n = 3/con-
trol group) and resuspended in CM (0.5 x 10° cells/100
ul). The viability of these cells was more than 95% deter-
mined by trypan blue exclusion. Fifty-microliter aliquots
of cell suspension were plated into a round bottom tube
and stained with monoclonal antibodies that recognize
CD11b (FITC; clone M1/70; Biolegend, San Diego, CA,
USA), F4/80 (APC; clone CI:A3-1; BioRad, Hercules, CA,
USA), Grl (PE; clone RB6-8C5), MHC II (Pe Cyanine7;
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clone M5/114.15.2), CD3 (PerCPeFluor710; clone 17A2),
CD4 (FITC; clone GK 1.5), CD8 (PE; clone 53-6.7) and
CD 49b (APC; clone DX5) from eBioscience (San Diego,
CA, USA). Cells were stained for 20 min at room temper-
ature, fixed with fixation buffer (eBioscience, San Diego,
CA, USA) for 15 min and rinsed twice with FACS buffer.

In the experiment focused on the role of the application
of ES antigens in vivo on the myeloid phenotype, intra-
cellular staining of IL-10 was performed. Briefly, isolated
PEC were first stained for 30 min at 4 °C with antibod-
ies to CD11b surface marker. After two washes with PBS,
intracellular staining was performed using the Cytofix/
Cytoperm kit (BD Biosciences, San Jose, CA, USA) and
anti-IL-10 (PE; clone: JES5-16E3, Sony Biotechology, San
Jose, CA, USA) according to the manufacturer’s instruc-
tions. Phenotypic analysis was performed on a FACS
Canto (Becton Dickinson Biosciences, USA), and the
acquired data were analyzed using the FACS Diva soft-
ware. The portion of unstained cells was used for RNA
extraction.

T-cell suppression assay

Spleen cell preparations were prepared from naive mice.
Spleens were gently homogenized between two glasses,
and each sample was spun at 1500 rpm for 5 min. The
supernatant was removed, and the cells were resus-
pended in 5 ml of cold NH,CI. Following the lysis of red
blood cells, splenocytes were washed and diluted at 2
x 10°/ml in 5 ml of RPMI supplemented with 5% fetal
bovine serum (FBS). CFSE (Biolegend, San Diego, CA,
USA) was added to reach a final concentration of 2.5
uM and incubated at room temperature for 7 min. Next,
Dulbecco PBS (DPBS) supplemented with 20% FBS was
added. The cells were washed three times in RPMI with
10% FBS and plated. The CFSE-labeled splenocytes (at a
concentration of 1 x 10°/ml and a volume of 100 pl) were
plated in 96-well plates coated with 10 pg/ml of anti-CD3
and 1 pg/ml of anti-CD28 mAbs (Invitrogen, Carlsbad,
CA, USA). The splenocytes were cultured for 3 h on Ab-
coated plates, and then 100 pl of PEC (Ly6C+ or Ly6G-+
cells) was added to obtain the following ratios of PEC to
splenocytes: 1:1, 1:2, 1:4, 1:8, 1:16 and 1:32. Suppression
assay was performed in triplicate. The co-cultures were
incubated for 72 h and then harvested and analyzed by
flow cytometry. Dilution of the CFSE was evaluated as
a measure of T-cell proliferation by flow cytometry. To
that end, cells were additionally stained with anti-CD3-
PerCP-Cy5.5 (Biolegend, San Diego, CA, USA). The
percentage suppression of proliferation was calculated
as (1 — (proliferation with MDSC: proliferation without
MDSC)) x 100.
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Cytokine detection

The concentrations of IFN-y, IL-4, TGF-p and IL-10 pre-
sent in peritoneal fluid and culture supernatants of LPS-
stimulated PEC (n = 5/infected group; n = 3/control
group, examined in duplicates) were quantified by com-
mercial ELISA Kits (Mouse Ready-SET-Go ELISA, all
from eBioscience, San Diego, CA, USA) according to the
manufacturer’s instructions. Concentrations of cytokines
were calculated in pg/ml.

Determination of nitrite production ex vivo and cytokine
level in culture supernatants

To measure the production of nitric oxide (NO) and
level of cytokines by total PEC (n = 5/infected group; n
= 3/control group, examined in duplicates), cell suspen-
sions (1 x 10° cells/ml) were cultured in 24-well plates
(Corning) in CM in the presence or absence of LPS (1
pg/ml). The plates were incubated for 72 h at 37 °C, 5%
CO,. The concentration of NO in the culture superna-
tants was determined as nitrite (NO, ) using Griess
reagent. Briefly, 50 pl of a solution containing 1% sulfa-
nilamide/5% H;PO, was incubated with 50 pl superna-
tants in a 96-well plate (in triplicate) for 10 min at room
temperature. After incubation, a second solution (0.1%
N-(1-naphthyl) ethylenediamine dihydrochloride) was
added to the mixture, and the absorbance was measured
at 550 nm using an ELISA reader. Nitrite concentration
was determined from the calibration curve using 0.1 M
NaNO; as standard. For determination of the levels of
TNEF-a, IL-6 and IL-10 by ELISA kits (Mouse Ready-SET-
Go ELISA, all from eBioscience, San Diego, CA, USA),
the rest of culture supernatants was collected and stored
at — 20 °C until use. The supernatants were diluted 1:2
with PBS before use.

RNA isolation and real-time PCR

Total RNA was extracted from the PEC (n = 5/infected
group; # = 3/control group) using TRIzol reagent (Inv-
itrogen, Carlsbad, CA, USA). The RNA was quantified
using a NanoSpectrophotometer AstraGene (Harston,
Cambridge, UK), and 3 pg was transcribed to cDNA
using ReverseAid H Minus M-MuLV Reverse Tran-
scriptase and oligodT primers (Thermo Scientific, Burl-
ington, ON, Canada). The cDNA for each cell sample
was used as a template for real-time PCR reactions.
Quantitative PCR analysis of the relative abundance of
mRNA species was determined using the SYBR green
master mix (BioRad, Hercules, CA, USA) on a BioRad
CFEX thermocycler (BioRad, Hercules, CA, USA). PCR
was performed in 20-pl reactions with detection primer
pairs for STAT-1 (forward: 5-CTGAATATTTCCCTC
CTGGG-3; reverse: 5-TCCCGTACAGATGTCCAT
GAT-3), STAT-3 (forward: 5-GAAGCCGACCCA
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GGTGC-3; reverse: 5-GTCACGTCTCTGCAGCTT
CT-3/), STAT-6 (forward: 5'-GAGTTCCTGGTCGGT
TCAGA-3’; reverse: 5-GCTCTCCAAGGTGCTGAT
GT-3'), iNOS (forward: 5'-GCCTCATGCCATTGAATT
CATCAACC-3; reverse: 5-GAGCTGTGAATTCCA
GAGCCTGAA-3') and Arg-1 (forward:5-CAGAAGAAT
GGAAGAGTCAG -3'; reverse: 5-CAGATATGCAGG
GAGTCACC-3'). Data were normalized to a housekeep-
ing gene (B-actin), and relative quantification was done
using the 2724 method.

SDS-PAGE and Western blotting

ES products or somatic homogenate (MvH) was mixed
with 5x reducing sample buffer, boiled for 5 min at 95
°C and processed for SDS-PAGE. The final protein con-
centration in each prepared sample was 80—100 pg/100
ul, which was subsequently resolved in 12% acrylamide
gels under denaturing conditions and electrophoretically
transferred to nitrocellulose membranes (0.45 pm pore
size, Merck Millipore Ltd., Tullagreen, Carrigtwohill, Co.,
Cork, Ireland) using a Mini Trans-Blot Electrophoretic
Transfer Cell (Bio-Rad, Hercules, CA, USA). Strips with
blotted antigens were utilized for immunodetection of
specific anti-tetrathyridial [gG and IgM antibodies. Non-
specific binding was blocked upon incubation in 5% fat-
free milk in PBS for 1 h, and strips were incubated with
the sera diluted in 3% fat-free milk (1:50) overnight at
4 °C. The blots were washed and probed with the HRP-
conjugated goat polyclonal anti-mouse IgG (ICN, USA)
diluted to 1:500 for 1 h at 37 °C. Finally, the immunore-
active bands were visualized by treating the membranes
with the substrate solution (4-chloronaphthol and H,O,
in PBS).

Immunofluorescence

The suspension of peritoneal cells was placed on glass
slides and fixated with 4% formaldehyde for 15 min at
room temperature. Nonspecific binding was blocked by
incubation with 4% goat serum for 30 min at room tem-
perature. The cells were incubated with primary antibody
against iNOS or Arg-1 (1:250) (Abcam, Cambridge, UK)
for 2 h at room temperature and then washed three times
with PBS. After incubation with secondary antibodies
(1:500, FITC-conjugated anti-rabbit IgG-F0112, PE-con-
jugated anti-rabbit IgG-F0110, both from R&D Systems,
Minneapolis, MN, USA) in the dark for 1 h at room tem-
perature, nucleus staining was performed using Hoechst
33258 Staining Dye Solution (Abcam, Cambridge, UK).
Images were obtained with a fluorescence microscope
(Leica DM IRB, Germany).
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Determination of Ag-specific antibodies by ELISA

Parasite products (ES products or somatic homogenate
MvH) were prepared as described by Vendelova et al.
[4, 9], and the protein content was assessed using Brad-
ford protein assay reagent (BioRad, Hercules, CA, USA)
and using BSA (Sigma-Aldrich, St. Louis, USA) as the
standard.

To determine the specific IgG/IgM, flat-bottom 96-well
plates (Nunc Maxisorp) were coated with worm anti-
gens (2.5 pg/ml ES or MvH) in carbonate-bicarbonate
coating buffer (pH 9.6) per night at 4 °C. The micro-
plates were blocked for 1 h at room temperature with
10% bovine fetal serum-PBS solution. Sera/peritoneal
exudates diluted 1:100 were incubated for 1 h at 37 °C.
The microplates were then washed, and goat anti-mouse
IgG/IgM peroxidase conjugates diluted 1:5000/1:2000
(Sigma-Aldrich, St. Louis, USA) were added for 1 h at 37
°C. After further washes, O-phenylendiamine (Sigma-
Aldrich, St. Louis, MO, USA) was added as a substrate,
and absorbance values were recorded at 492 nm. Results
were expressed as the mean optical density (OD) £ SD.
The cut-off levels were determined as the mean + 3.8
x SD of the antibody activity in the exudates of healthy
mice after Lardeux et al. [10].

Statistical analysis

All data were calculated as mean =+ standard deviation
(SD). Statistical analyses were performed with Graph-
Pad Prism version 5.00 and 7.00 (GraphPad Software,
Inc., San Diego, CA, USA). Data were analyzed by either
unpaired Student’s ¢ test, one-way or two-way ANOVA
followed by Dunnett’s or Bonferroni’s multiple compari-
sons test to compare different groups. Differences were
regarded as significant when p < 0.05.

Results

Mesocestoides vogae infection leads to the loss

of the CD19b+ population from the peritoneal cavity

of infected mice

To examine the kinetics of lymphocytes in the perito-
neal cavity during M. vogae infection, we analyzed the
expression of CD3, CD19, CD4, CD8 and CD49b mark-
ers within the population of peritoneal cells. The influ-
ence of M. vogae infection on the cellular composition/
lymphocytes of the peritoneal cavity is shown in Fig. 1a.
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In general, upon experimental infection the percentage
of peritoneal cells within the lymphogate significantly
decreased from 57.96 + 3.16% in healthy mice to 9.73 £
1.49% at day 35 p.i. (Fg3g = 194.4, p < 0.0001; data not
shown). The CD3+ T-cell percentage remained rela-
tively stable, whereas the percentage of CD19+ B cells
in the peritoneal cavity tended to decline, showing a
four-fold decrease at day 35 p.. [79.7 & 3.67% vs 19.45
+ 2.52% control and 35 dpi, (Fig 39 = 39.79, p < 0.0001;
Fig. 1b). Furthermore, the CD8-CD49+ NK cells tended
to be significantly higher in infected animals at days 3, 6
and 10 p.i. than in the healthy group (Fg,q = 14.5, p <
0.0001; Fig. 1c). Similarly, an increase in the percentage
of CD8+CD49+ NKT cells (Fg35 = 7.267, p < 0.0001;
Fig. 1c) and CD8+ T cells (Fg3; = 15.31, p < 0.0001;
Fig. 1d) was seen at day 3 p.i. compared to the control

group.

Mesocestoides vogae infection is accompanied by a local
production of IgG and IgM specific antibodies

Antibody response in chronically infected mice is asso-
ciated with hypergammaglobulinemia that is restricted
to immunoglobulins M (IgM) and GI (IgGl) [11, 12]. At
the local level, very little is known about the kinetics of
the host immune response and the role of local immu-
noglobulins. To investigate the immune profiles induced
in mice by the M. vogae larvae, we measured the levels
of IgG and IgM antibodies in the peritoneal fluid. As
shown in Fig. 2a, the levels of IgM antibody to somatic
larval M. vogae antigens (MvH) were significantly higher
(0.29 £ 0.059 OD) than the level of IgM to ES (0.11 +
0.02 OD) from day 10 p.i. However, the amount of IgM
to ES antigens appears to be significantly increased at day
30 p.i. (0.75 £ 0.05 OD) compared to MvH (0.55 + 0.07
OD, (F(349) = 52.87, p < 0.0001). A higher level of spe-
cific anti-M. vogae IgG antibodies (Fig. 2b) to MvH was
detected on day 14 p.i. (0.22 + 0.05 OD) compared to
the level of anti-MvH IgG detected in earlier days. Sub-
sequently, the IgG titers to MvH slightly increased (0.23
=+ 0.03 OD) and peaked on day 30 p.i. (0.33 £ 0.07 OD).
The IgG titers to ES showed fluctuation in the peritoneal
cavity of infected mice during the experiment. Interest-
ingly, the mean absorbance of both antibody isotypes
was significantly higher mainly for MvH than ES antigens
probably because of the more immunogenic potential of

(See figure on next page.)

Fig. 1 Peritoneal lymphocyte cell population in the peritoneal cavities of healthy and Mesocestoides vogae-infected mice at 3, 6, 10, 14, 19, 25, 30
and 35 days post-infection. Peritoneal exudate cells were isolated from the peritoneal cavity, and the expression of lymphocyte surface markers
by these cells was analyzed from lymphogate using flow cytometry. a Representative dot plots show the expression of CD3/CD19, CD4/CD8 and
CD49b/CD8 on PEC. Proportions of T- and B-lymphocytes (b), T-lymphocyte subpopulations (c), NK and NKT cells (d) in the peritoneal cavities of
healthy and infected mice. Data are expressed as the means =+ SD. Statistical significance was analyzed using one-way ANOVA with Dunnett’s
post-test, and significantly different values between control and infected groups are indicated as: *p < 0.05, **p < 0.01, ***p < 0.001.
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MvH. Moreover, higher titers of peritoneal IgM against
somatic antigen were detected from day 10 p.i., suggest-
ing that this isotype may be predominant and involved
in host protection, as was described in a model filarial
infection [13].

In the peritoneal fluid from infected mice, the anti-
MvH IgG antibodies to antigen with MW of approxi-
mately 89-90 kDa appeared on day 14 p.i. with increasing
intensity up to day 30 p.i. (Fig. 2c). From this day bands
corresponding to other immunoreactive parasitic pro-
teins gradually appeared, showing different patterns on
each day, and at least nine bands were detected on day 30
p.i. IgG antibodies reacted with three ES antigens form-
ing one band with MW of approximately 90 kDa and
two bands smaller than 7 kDa (Fig. 2d). The first anti-
parasitic antibodies of the IgM isotype to MvH antigens
were detected on day 10 p.i. forming two bands between
78-82 kDa (Fig. 2e). The number of bands with MW
between 40 and 80 kDa increased with progressing infec-
tion, showing a different pattern on each day. A different
profile of the peritoneal IgM antibody response to ES
proteins (Fig. 2f) was observed from day 10 p.i., showing
a ladder-like appearance, probably representing subunits
of one larger dominant ES antigen.

Peritoneal inflammation during M. vogae infection

is associated with an increased number of myeloid
CD11b+Gr-1+ cells

The peritoneal cavity is a dynamic compartment where
many cell populations reside and interact [14]. Multi-
plication of metacestodes is accompanied by a signifi-
cant recruitment of inflammatory cells into the site of
infection [4]. The most prominent populations present
in this compartment are myelo-monocytic cells of the
macrophage phenotype, large granular cells, giant cells
[4] and eosinophils [15]. To investigate the kinetics of
cell accumulation in the peritoneal cavity, we performed
multicolor flow cytometric analysis. We observed that
the population of CD11b+Gr-1+ myeloid cells expanded
in the peritoneal cavity progressively in the course of
M. vogae infection, especially the percentage of cells co-
expressing high levels of CD11b and Gr-1 (Fig. 3a, b).
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The percentage of CD11b"8"Gr1+ cells reached 17.97 +
4.388% in healthy mice, while it significantly increased up
to 85.02 £ 2.26% at day 30 p.i. (Fg35) = 151.1, p < 0.0001).
It is obvious that not only the percentage but also the
absolute number of CD11b+Gr-1+ cells was dramati-
cally increased in mice with established infection. Simi-
larly, we observed that the population of CD11b+Gr-1+
myeloid cells also expanded in the spleen of infected
mice. However, the population of these cells expressed a
lower level of CD11b (data not shown).

This myeloid cell population was further examined for
surface expression of F4/80 and MHC class II molecules.
We found that there were considerable changes in the
expression levels of F4/80 and MHC II markers by mye-
loid cells (Fig. 3c). Compared with healthy mice (5.90 £
0.98%), the percentage of CD11b+Gr-1+F4/80"S"MHC
I1eh cells (markers present on mature macrophages)
significantly increased approximately seven-fold at
day 3, 6 and 10 p.i. (36.08 + 5.76%; Fg35 = 15.37, p <
0.0001). Later, the most prominent population was the
CD11b"8"Gr-14-F4/80°"MHC II¥ cells, which signifi-
cantly increased from 20.73 % 4.27% in healthy mice to
64.00 £ 10.39 % at day 25 p.i. (Fg35) = 18.34, p < 0.0001).
There was a significant upregulation of F4/80 expression
and a mild increase in MHC II expression on CD 11bhih
Grl" cells at day 3 p.i. compared to the control group
(Fg,37 = 39.46, p < 0.0001); however, the expression of
both markers was subsequently downregulated (Fig. 3d,
e), and most of this cell population expressed low levels
of F4/80 and MHC Il in later stages of infection.

Mesocestoides vogae infection reduces inflammatory
response in the peritoneal cavity and PEC continuously lost
the characteristics of classically activated cells

The production of NO and inflammatory cytokines is
associated with the stage of cell activation. Previously,
Vendelova et al. [4] demonstrated the ability of an M.
vogae-derived ES product to induce directly the alterna-
tively activated phenotype of PEC in vitro and in vivo, but
the time kinetics of inflammatory responses from early
to late stages has not been examined. To assess classical

(See figure on next page.)

blotted MvH or ES antigens.

Fig. 2 Antibody response of the IgM (a) and IgG (b) subclass specific to Mesocestoides (M.) vogae homogenate (MvH) or excretory/secretory
molecules (ES) in the peritoneal exudates of healthy and infected mice at 3, 6, 10, 14, 19, 25, 30 and 35 days post-infection (p.i.). The anti-M.

vogae IgM and IgG antibody titers were determined by ELISA methods. Data are presented as the means of OD = SD. OD values of IgM for
uninfected mice (n = 3) were 0.059 £ 0.004 for MvH antigen and 0.067 % 0.012 for ES. OD values of IgG for uninfected mice (n = 4) were 0.141 £+
0.025 for MvH antigen and 0.079 =+ 0.013 for ES. The cut-off values are indicated in the figures. Statistical significance was analyzed using two-way
ANOVA followed by Bonferroni's multiple comparison tests, and significantly different values are indicated as: *p < 0.05, **p < 0.01, ***p < 0.001.
Detection of immunogenic antigens within MvH and ES preparations immunoreactive to IgG (c MvH; d ES) and IgM antibodies (e MvH; f ES)
performed by western blot analysis. Exudates from infected mice obtained on corresponding days p.i. were incubated with nitrocellulose strips with
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cell activation, the levels of cytokines IL-6, TNF-a, IL-10
and nitrite (NO) production were measured in culture
supernatants of PEC ex vivo. The PEC were obtained in
the times listed and exposed to 1 pug/ml of LPS for 72 h.
Figure 4a shows that the NO level produced by LPS-stim-
ulated PEC was significantly higher at day 0 and from 3
to 25 dpi compared to unstimulated PEC (Fg 55 = 22.24,
p < 0.0001). The PEC with or without stimulation iso-
lated from mice at day 30 and 35 p.i. produced a lower
level of NO. Significantly higher levels of inflammatory
IL-6 (Fig. 4b) were produced by PEC isolated at the same
points (from 3 to 25 dpi) as the level of TNF-a and IL-10
(F16,69) = 49.77, p < 0.0001). Moreover, exposure of PEC
to LPS isolated later (at day 30 and 35. p.i) significantly
stimulated the production of immunoregulatory IL-10.
These findings suggest the presence of classically acti-
vated cells in the peritoneal cavity in the early stage of
infection, likely found as CD11b+Gr-1+F4/80"8"MHC
11heh cells. Although the effect of M. vogae products/anti-
gens in the context of classical macrophage polarization
was not assessed, it is likely that the increasing parasite
burden with the accumulation of the ES antigens could
directly regulate the production of proinflammatory and
regulatory cytokines.

Mesocestoides vogae infection expands myeloid cell
populations that resemble MDSC

To  further  characterize =~ M.  vogae-induced
CD11b+Gr-1+ cells and to determine their similarities
to MDSC subpopulations, an in vitro T-cell prolifera-
tion assay was performed. It is known that MDSC are
a very heterogeneous cell population that can be gen-
erally divided into a monocytic (Ly6C+) and granulo-
cytic (Ly6G+) subset. In this work, we focused on the
suppression of CD3+ T cells, as they are basically used
to evaluate the function of suppressor cells, and it is
the gold standard for identifying MDSC. Ly6C+ and
Ly6G+ cells were isolated using MACS from the perito-
neal cell population at day 35 p.i. (Fig. 5a). To measure
the suppressive capacity, both MACS-isolated subsets
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were cultured individually with pre-activated T cells for
72 h at different ratios. As shown in Fig. 5b, ¢, both sub-
sets markedly suppressed CD3+ T-cell proliferation in
response to anti-CD3/CD28 stimulation in a 1:1 MDSC
to T-cell ratio. The strongest inhibition was detected
using a Ly6C+:T-cell ratio of 1:2, where > 57% sup-
pression was observed. Ly6C+ subsets also remained
significantly suppressive at a higher 1:8 MDSC:T-cell
ratio, suggesting Ly6C+ cells have a stronger suppres-
sive activity compared to Ly6G+ cells (F5;5 = 7.63,
p = 0.0034). Moreover, there was a significant inhibi-
tion in the proliferative response (37.62 + 1.05% sup-
pression relative to control) even when the Ly6C:T-cell
ratio was 1:16. Analysis of stained cell smears (Fig. 5d)
confirmed that the majority of Ly6G+ cells recovered
had either segmented nuclei or constricted ring-shaped
nuclei, which are seen in polymorphonuclear cells and
their precursors. Most cells had granular cytoplasm
and a few had eosinophilic granules (eosinophils). Cells
in the Ly6C+ population had an immature myelocyte/
mononuclear appearance with more abundant baso-
philic cytoplasm. Monocytic and granulocytic subpop-
ulations of myeloid cells have different mechanisms of
their suppression [16]. Therefore, we next examined the
level of iNOS and Arg-1 in both subsets (Fig. 5e). iNOS
and Arg-1 were expressed within both subsets, but at
a lower level in the Ly6G+ cells than the Ly6C+ cells
(11.09 + 1.84 vs 12.71 + 2.72 for iNOS, 2.24 £+ 0.24
vs 4.24 £+ 0.56 for Arg-1; F(z‘g) = 15.94, p < 0.001). To
verify the presence of macrophages and other myeloid
cells in the peritoneum of M. vogae-infected mice,
we performed iNOS and Arg-1 immunofluorescence
staining at day 35 p.i. (Fig. 5f). iNOS was abundant in
macrophages/mononuclear cells and appeared to be
scattered throughout the cytoplasm of these peritoneal
cells, whereas the most intense Arg-1 signal occurred
as granules in polymorphonuclear cells with segmented
nuclei and at much lower levels in macrophages.

(See figure on next page.)

Fig. 3 Peritoneal inflammation during Mesocestoides (M.) vogae infection is associated with an increased number of myeloid CD11b+Gr-1+

cells. Myeloid cell population in the peritoneal cavities of healthy and M. vogae-infected mice at 3, 6, 10, 14, 19, 25, 30 and 35 days post-infection.
Peritoneal exudate cells (PEC) were isolated from the peritoneal cavity, and the expression of myeloid cell surface markers by these cells was
analyzed using flow cytometry (FQ). Live cells were gated on CD11b and Gr-1 expression to first identify CD11b+4Gr-14 cells. Then, F4/80 and MHC
Il expression was identified within the CD11b+Gr-1+ cells. a Representative dot plots obtained by FC analysis show the expression of CD11b/

Gr-1 and F4/80/MHC Il on PEC. b Proportions of CD11b"9NGr-1+ cells in the peritoneal cavities of healthy and infected mice. ¢ Proportions of
F4/80-+MHC I+ cells within CD11b"9"Gr-14- cells in the peritoneal exudate cell population from healthy and infected mice. F4/80 (d) and MHC Il
(e) mean fluorescence intensity (MFI) within CD11b"9"Gr-14- cells in the peritoneal exudate cell population from healthy and infected mice. Data
are expressed as the mean = SD. Statistical significance was analyzed using one-way ANOVA with Dunnett’s post-test, and significantly different
values between healthy and infected mice are indicated as: *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 4 Mesocestoides vogae infection regulates the production of inflammatory cytokines in LPS-induced peritoneal exudate cells (PEC). PEC were
isolated from the peritoneal cavity of healthy and infected mice at 3, 6, 10, 14, 19, 25, 30 and 35 days post-infection. Then PEC were cultured in
24-well plates in the presence or absence of LPS (1 pg/ml) at 37 °C 5% CO, for 72 h. The concentration of NO (a) in the culture supernatants was
determined as nitrite (NO, ™) using Griess reagent. Nitrite concentration was determined using 0.1 M NaNOj as the standard. Concentrations of
cytokines TNF-q, IL-6 and IL-10 (b) in culture supernatants were measured by ELISA and expressed in pg/ml. Data are expressed as the mean £ SD.
Statistical significance was analyzed using two-way ANOVA followed by Bonferroni's multiple comparison tests, and significantly different values are
indicated as: *p < 0.05, **p < 0.01, ***p < 0.001.

IL-10 production with STAT-3 mRNA expression

is upregulated after infection

The larval stages of M. vogae can reproduce asexually
in the liver and serosal cavities of their intermediate
hosts, mainly in the peritoneal cavity [17, 18]. The num-
bers of larval stages in the peritoneal cavity significantly
increased (p < 0.01) at day 25 p.i. (487.7 £ 96.13) com-
pared to day 3 p.i. (7.600 £ 5.320) (F;34) = 98.77, p <
0.0001; data not shown).

To understand how M. vogae infection in mice is linked
with the local release of pro- and anti-inflammatory
cytokines, we analyzed the cytokine response in the
peritoneal compartment. The level of IFN-y, IL-4, TGF-p
and IL-10 in the peritoneal lavage fluid from healthy and
infected mice was detected by ELISA. IFN-y (Fig. 6a)
levels began to increase at day 3 p.i. (117.3 £ 1.476 pg/
ml) and reached a significant peak at day 30 p.i. (328.5
+ 106.5 pg/ml; Fg 55 = 4.56, p = 0.0016). Compared to

day O, significant changes in the concentration of IL-4
(Fig. 6b) were detected at day 3 p.i. (7.695 + 3.024 pg/ml;
Fg33 = 32.04, p < 0.0001) and then gradually increased
with the progression of the infection. A similar trend was
observed for the level of TGE-f (Fig. 6¢), with significant
elevation from day 14 p.i. (114.0 & 23.10 pg/ml; Fig,,) =
24.73, p < 0.0001). One of the most significantly upregu-
lated cytokines within PEC and spleen cells following M.
vogae infection is anti-inflammatory IL-10 [4]. Our study
confirmed that metacestode infection elicits high levels
of IL-10 production in infected mice (Fig. 6d). IL-10 pro-
duction began to increase in the peritoneal cavity on day
3 p.i., and significant changes in the level of IL-10 were
seen at day 14 p.i. (695.8 & 215.6 pg/ml; Fg,q = 10.85,
p < 0.0001). Of this cytokine profile, IL-10 became the
dominant cytokine in the peritoneum and appears to be a
major factor in regulating immunity.

(See figure on next page.)

Fig. 5 Peritoneal exudate cells (PEC) isolated from Mesocestoides vogae-infected mice possess suppressive capacities and can be subdivided into
two subsets. Ly6C+ and Ly6G+ cells were isolated using MACS from the peritoneal cell population at day 35 post-infection and cultured with
CFSE-labeled T cells stimulated with anti-CD3/ anti-CD28 mAbs for 72 h at different ratios. a Flow cytometry plots of PEC from healthy and infected
mice showing the expression of CD11b and Gr-1 before and after MACS sort. b Representative histograms showing suppression of spleen T cells
by sorted Ly6C+ or Ly6G+ in vitro (1:4 ratio MDSC to T cells). € The graph represents the proliferation inhibition of CD3/CD28-activated spleen T
cells (the ratio of myeloid cell subsets to T cells as indicated in the graph). Results represent means =+ SD of triplicates. Statistical significance was
analyzed using Student’s t test, and significantly different values are indicated as: **p < 0.01, ***p < 0.001. d The sorted cells were subjected to
May-Grinwald/Giemsa staining. Representative pictures showing the morphology of sorted subsets are depicted. Original magnification, x 1000,
scale bar = 20 um. e mRNA expression of INOS and Arg-1 in PEC of healthy mice (control) and sorted Ly6C+ or Ly6G+ cells. Statistical significance
was analyzed using two-way ANOVA followed by Bonferroni's multiple comparison tests and significantly different values are indicated as: ***p <
0.001. f Immunofluorescent assay of iNOS and Arg-1 in whole peritoneal cells. Hoechst staining was used to visualize nuclei. Original magnification,
x 1000, scale bar = 10 um.
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Recent work has described a critical role for STAT-6
in the upregulation of the alternative activation markers,
which is required for controlling M. corti-induced neu-
rocysticercosis [19]. To further assess the role of STAT
within the milieu of peritoneal cells and to examine their
regulation of expression during experimental infection,
PEC were isolated and molecular analysis was performed.
Compared to the control, expression levels of STAT-1
and STAT-6 were initially downregulated early during
the infection at day 3 p.i., whereas STAT-3 expression
was significantly elevated and remained at high levels
until the end of the observation period (F;465 = 5.60, p
< 0.0001; Fig 6e). STAT-1 mRNA expression continuously
declined during infection from 0.93 + 0.11-fold in the
healthy control to 0.11 £ 0.05-fold at day 35 p.i., except
for day 30 p.i. (1.11 & 0.53-fold), probably as a response
to a significantly higher level of IEN-y in the perito-
neal cavity. STAT-6 mRNA, which was constitutively
expressed at low levels in infected mice, was upregulated
on day 25 p.i. (1.41 £ 1.41-fold), increasing to maximal
levels by day 30 p.i. (3.57 £ 0.97-fold). Only the mRNA
level of STAT-3 was consistently higher and reached the
peak at day 30 p.i. (3.81 £ 0.93-fold), suggesting a critical
role in anti-inflammatory reactions mediated by IL-10.

Excretory-secretory products of M. vogae recruit
CD11b+IL-10+ PEC

Previous studies have established that helminth infec-
tion or its molecules are associated with the increased
presence of a myeloid CD11b+Grl+ cell population
that has a suppressive capacity [20-24]. Next, we exam-
ined the peritoneal cell influx and fluid following the
injection of parasite ES antigens. To examine these
effects, Balb/c mice were injected intraperitoneally with
20 pg of ES preparation in six doses; PEC were isolated
and CD11b+-cells were assessed for IL-10 localization
(Fig. 7a, b). Intracellular cytokine staining showed low
proportions of IL-10-expressing CD11b+ cells in the
peritoneal cavity of healthy mice (8.4 £ 0.56%). After
injection of the ES preparation, a significantly higher pro-
portion of CD11b+IL-10+ was detected (27.25 + 3.851)
compared to the control (F3;) = 46.34, p = 0.0029), and
the majority of cells expressing a higher level of CD11b
(89.8%) were IL-10+ (data not shown). Moreover, the
level of IL-10 tested by ELISA was significantly higher in
the peritoneal fluid of mice injected with ES preparations
(1.13 £ 1.54 vs 46.84 + 27.04 pg/ml, control vs ES, F,,
= 306.1, p = 0.0496; Fig. 7c). IL-10 mRNA expression
(Fig. 7d) was also significantly elevated within PEC after
the ES injections (1.23 & 1.15 vs 4.12 £ 1.40, control vs
ES, Fy 3 = 1.427, p = 0.0131). The expression of IL-10 by
CD11b+ cells suggests that myeloid populations are the
major source of these immunoregulatory mediators and
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that ES products seem to be the major factor during M.
vogae infection, not excluding the role of some MvH.

Discussion

In our study, an experimental model for larval cestodia-
sis is presented. Using an M. vogae model we were able
to study the effect of metacestodes on hosts immune
status and cellular composition of the peritoneal cavity.
Under steady-state conditions, the resident peritoneal
cell population includes macrophages, neutrophils and
NK cells as well as T and B lymphocytes. NK cells are
important in immune defense against infections caused
by viruses, bacteria and protozoa. However, their role
in helminth infections is not well documented. Our
results showed that there is an increase in the percent-
age of NK cells (3—-10 day p.i.), NKT cells and cytotoxic
CD8+ T cells (at day 3 p.i.) in the peritoneal cavity of
mice in the early phase of M. vogae infection. Similarly,
in the experimental model of E. granulosus infection,
kinetic analyses showed a rapid increase in peritoneal
NK cells and cytotoxic T cells peaking at day 5 and 7 p.i.
[25]. This finding suggests that cell-mediated cytotox-
icity may play important roles in helminth infections,
although parasite-induced proteins might interfere
with the effector functions of these cells and thereby
contribute to the downregulation of the host immune
response [26]. M. vogae infection was also marked by
a decline of peritoneal CD19+ cells possibly due to
their differentiation into plasma cells, as evidenced by
increased local IgM and IgG secretion. B cells and their
antibody products play a crucial role in the antiparasitic
immunity of serosal cavities, where they proliferate and
produce antigen-specific IgM [27]. In the experimental
E. granulosus infection, B lymphocytes were shown to
undergo an early plasma cell differentiation process,
which was confirmed by altered regulation of key fac-
tors (Pax5, Bcl-6, Blimp-1) and functionally by the local
secretion of antigen-specific IgM and IgG2b antibod-
ies [25]. Metacestode surface-bound antibodies can be
involved in a parasite evasion strategy. In our study, the
higher levels of IgM antibodies in comparison with IgG
to both MvH and ES antigens were detected in the peri-
toneal fluid, and marked IgM elevation was observed
from day 10 p.i., which corresponded to the appearance
of several immunoreactive bands using the western blot
technique. A different profile of specific IgM-immuno-
reactive bands was found for ES antigens, suggesting
that IgM antibodies to parasitic antigens may partici-
pate in developing the suppressive environment in the
peritoneum. Our results confirm the stage-specific
protein expression by western blot analysis in M. vogae
metacestode infection.
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Fig. 6 Mesocestoides vogae infection is associated with IL-10 production. Concentrations of cytokines IFN-y (a), IL-4 (b), TGF-3 (c) and IL-10 (d) in the
peritoneal exudates of healthy and Mesocestoides vogae-infected mice at day 3,6, 10, 14, 19, 25, 30 and 35 post-infection were measured by ELISA
and expressed in pg/ml. Data are expressed as the mean = SD. Statistical significance was analyzed using one-way ANOVA with Dunnett’s post-test
and significantly different values between healthy and infected mice are indicated as: *p < 0.05, **p < 0.01, ***p < 0.001. e Relative expression of
m-RNA for STAT-1, STAT-3 and STAT-6 in the peritoneal exudate cells of healthy and infected mice was analyzed by real-time PCR. Data are expressed
as means =+ SD after comparison with uninfected PEC following normalization to 3-actin. Statistical significance was analyzed using two-way
ANOVA followed by Bonferroni’s multiple comparison tests, and significantly different values are indicated as: **p < 0.01, ***p < 0.001.
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Fig. 7 Mesocestoides vogae excretory-secretory (ES) products induce the accumulation of CD11b+IL-10+ peritoneal cells. Mice were injected
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flow cytometric analysis. a Representative flow cytometry plots showing the expression of IL-10 and CD11b by PEC. Live cells were gated on CD11b
expression to first identify CD11b+ cells. Then, IL-10 expression was identified within CD11b+ cells. b Proportions of CD11b+IL-10+ cells in the
peritoneal cavities of PBS and ES treated mice. ¢ Concentrations of IL-10 in the peritoneal exudates was measured by ELISA and expressed in pg/
ml. d Relative expression of m-RNA for IL-10 in the peritoneal exudate cells was analyzed by real-time PCR. Data are expressed as the mean £ SD.
Statistical significance was analyzed using Student’s t test, and significantly different values between healthy and ES treated mice are indicated as:

Another cell population that increased in response to
M. vogae infection is CD11b+Gr-1+ cells. Similarly, this
phenomenon was also induced in mice infected with Tae-
nia crassiceps [24] and Litomosoides sigmodontis filarial

infective larvae [28, 29]. Moreover, myeloid populations
can be mobilized by parasitic helminth-derived anti-
gens [30, 31]. In our study, these cells were also found
to possess additional cell surface markers like F4/80 and
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MHC II expressed at a low level, indicative of a recruited
monocyte-derived population [28] and/or inflamma-
tory monocytes [32]. On the other hand, Th2-biased
response is characterized by proliferation of tissue mac-
rophages rather than recruitment from bone marrow
[29]. Moreover, we found that M. vogae infection influ-
enced the expression of F4/80 and MHC II markers on
the myeloid peritoneal cell population. Recently, we
showed that peritoneal myeloid cells undergo apoptosis
in response to M. vogae infection [33] and that ES prod-
ucts can directly inhibit the activation of antigen present-
ing cells [34], which may mediate immunosuppression.
The alternation of MHC II and F4/80 expression levels in
PEC demonstrates the complex network of interactions
and regulatory mechanisms that occur during an experi-
mental infection.

Because the helminth parasites and their ES product
biased immune response to the anti-inflammatory type,
the therapeutic potential has been considered in many
inflammatory disorders and autoimmune diseases [35,
36]. In our study, peritoneal macrophage cell lines were
assessed for TNF-«, IL-6 and IL-10 secretion following
LPS stimulation. We observed that metacestode infection
decreased the secretion of proinflammatory cytokines
and induced the production of IL-10 by peritoneal cells.
LPS-stimulated PEC isolated at a later stage of infec-
tion were not able to produce inflammatory cytokines
IL-6 and TNF-a. As the infection progressed, PEC/mac-
rophages from infected mice also showed an impairment
of their ability to secrete NO in response to LPS com-
pared to PEC obtained during the early phase of infection
(first week). Although M. vogae-derived products induce
the expression of markers of alternative activation (YM1,
Arg-1 and Fizz-1) in vivo and in vitro [4], it is likely that
the parasite ES antigens play important role in regulat-
ing cytokine production by inhibiting their transcripts, as
has been previously reported [37].

Recent studies have described that the heterogene-
ous population of immature myeloid cells plays a cru-
cial role in the regulation of adaptive immunity. There
has been considerable interest in a population of cells
recently termed myeloid-derived suppressor cells
(MDSC), which have been shown to express CD11b and
Gr-1 (Ly6G/Ly6C) markers in mice and inhibit T- and/
or B-cell proliferation [38, 39]. MDSC in mice comprise
two subsets corresponding to monocytic and granulo-
cytic (polymorphonuclear) cells, which differ in Ly6C and
Ly6G expression profiles. Moreover, MDSC have a low
or undetectable expression of mature antigen-present-
ing cell markers, such as MHC II molecules and F4/80.
Both subsets induced suppression of immune responses
through several pathways, mainly L-arginine depletion
through Arg-1 and iNOS activity, increased generation
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of reactive oxygen and nitrogen species and production
of immunosuppressive and immunoregulatory cytokines,
such as TGF-B and IL-10 [40]. Thus, we also hypoth-
esized that CD11b+Gr-1+ cells induced by M. vogae
tetrathyridia may contribute to the suppression of adap-
tive immune response at the systemic level, as described
in other infection parasitic models [21, 24]. Using stand-
ard in vitro immune suppression assays, both peritoneal
Ly6C+ and Ly6G+ subsets significantly inhibited CD3+
T-cell proliferation in response to anti-CD3/CD28 stimu-
lation, with the suppression by Ly6C+ cells being more
efficient. Expressions of Arg-1 and iNOS by MDSC have
been shown to be associated with their immunosup-
pressive function. Analysis of Arg-1 and iNOS expres-
sion level demonstrated that subpopulation of Ly6C-+
cells expressed both markers at higher level, suggesting
their higher immunosuppressive potential. Most rel-
evant to our findings, a recent study by Brys et al. [24]
demonstrated in a Taenia crassiceps model that adherent
peritoneal cells mediated their suppression through their
secretion of NO (in the early stage) and production of
ROS via arginase activity (in the late stage of infection).
Arg-1 and iNOS co-expression has also been described
in monocytic MDSC, which is present in the heart dur-
ing the acute phase of Trypanosoma cruzi infection [41].
These data demonstrate that CD11b+Gr-1+ cells from
the peritoneal cavity can suppress T-cell proliferation in
vitro, confirming that they can be important regulators
of immunity. Regarding this suggestion, further investi-
gations are needed to better understand the function of
myeloid cells in M. vogae infection.

The immune response against this parasite is driven by
excretory-secretory molecules produced by tetrathyridia
lying in the host’s peritoneal cavity and liver. It has been
reported that IL-4 plays an important role in being the
key mediator in the host immune response elicited by M.
vogae larvae [8, 42]. Recently, Vendelova et al. [4] showed
that there is an early and systemic Th2-type cytokine
response with increasing IL-10 mRNA level, which is
probably unrelated to protective immunity. Similarly, in
our study we found that anti-inflammatory IL-10 pro-
duced by peritoneal leukocytes is the main component
in the cytokine milieu surrounding these parasites in the
late stage of infection. In addition, peritoneal IL-4 and
TGE-p levels were significantly increased in the presence
of CD11b"#"Gr-14 myeloid cells expressing a low level of
activation and maturation markers at day 14 p.i.

The binding of a wide range of growth factors and
cytokines to their receptors located on the cell surface
activates the receptor-associated Janus kinases (JAK) and
subsequently leads to the phosphorylation of the cytokine
receptor complex. Thereafter, the binding and activation
of signal transducer and activator of transcription (STAT)



Macak Kubaskova et al. Parasites Vectors (2021) 14:54

proteins induce their translocation to the cell nucleus for
signal transduction and the initiation of the gene tran-
scription [43]. While the IFN/STAT-1/STAT-2 signaling
pathway is mostly associated with immune activation,
other STAT proteins, like STAT-3 and STAT-6, take part
in the suppression of immune responses and inflamma-
tion by mediating the effects of IL-10 and IL-4 [44]. Anal-
ysis of the mixed population of PEC by qPCR detected
increased transcription of STAT-3 and in the later stage
of infection also STAT-6, which are associated with anti-
inflammatory processes. The STAT-6 dependent pathway
is particularly important in central nervous system (CNS)
immunity during M. corti infection and in the develop-
ment of alternative activated cells, where a deficiency
in STAT-6 led to increased parasite load and decreased
survival [19]. STAT-3 is the primary mediator in the
IL-10 signaling pathway, an immunoregulatory cytokine
that plays a fundamental role in maintaining the activa-
tion/deactivation balance of mononuclear cells through
the inhibition of expression of LPS-inducible genes and
expression of antigen-presenting surface markers [45].
Moreover, IL-10 can directly inhibit IFN-y-induced
gene expression in monocytes by downregulating
STAT-1 activation [46]. This cytokine can be produced
by almost all cell populations of both innate (mono-
cytes, macrophages, neutrophils, dendritic cells, NK
cells) and/or adaptive immunity (T and B cells) [47, 48].
In our study, injections of parasite ES molecules directly
induced the production of IL-10 and the development of
CD11b+IL10+ cells. These results are in agreement with
previous studies showing that IL-10 produced by innate
cells or T reg is crucial to downregulate the immune
response to other helminths, such as schistosomes [49]
or the intestinal helminth Heligomosomoides polygyrus
[50]. It is possible that parasite-primed CD11b+ myeloid
cells may contribute to a dysfunctional peritoneal immu-
nity by creating a cytokine milieu that fails to develop a
protective Th1 response.

Conclusions

In summary, M. vogae metacestodes induced the accu-
mulation of immature myeloid CD11b+Grl+ cells in
the peritoneal cavity of infected mice that resemble
MDSC. The increasing parasite burden was associated
with a higher IL-10 level and consistently upregulated
the expression of STAT-3, which could be one of the
regulatory mechanisms in M. vogae infection to control
the release of pro-inflammatory cytokines. Understand-
ing the molecular interactions between the parasite and
its host that drives immune modulation could lead to the
development of new strategies for managing metacestode
infections.
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