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Abstract: Bacteriocins (enterocins) represent a new therapeutic strategy in various intestinal and
non-intestinal infections. In antiparasitic defence, an oxidative inflammation of phagocytes is effective
in destroying new-born Trichinella spiralis larvae. The strains Enterococcus faecium CCM8558 and
E. durans ED26E/7 and their enterocins, enterocin M and a durancin-like enterocin, respectively,
were administered daily, and mice were then infected with T. spiralis larvae on the seventh day of
treatment. Phagotest and Bursttest kits were used to detect the phagocytosis and respiratory burst in
blood leukocytes. T. spiralis infection inhibited phagocytosis from day 11 post-infection (dpi) during
the migration of new-born larvae into the muscles. E. faecium CCMB8558, E. durans ED26E/7, and
the durancin-like enterocin increased phagocytic activity from day 11 dpi. Both strains and their
enterocins (enterocin M and durancin-like) stimulated the ingestion capability of phagocytes from
18 to 32 dpi. Enterococci/enterocins therapy prevented a reduction in cells with respiratory burst
caused by T. spiralis infection from 11 dpi. The enzymatic activity of phagocytes was stimulated on 18
and 25 dpi, particularly by E. faecium CCM8558 and enterocin M. Enterocin M and the durancin-like
enterocin were as effective in stimulating phagocytosis as the bacterial strains that produce them.
The stimulation of phagocytosis could contribute to decreased larval migration and reduced parasite
burden in the host.
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1. Introduction

Probiotic bacteria significantly influence parasite settlement, pathogenicity, and the
development of parasitic infection [1]. Probiotic bacteria counteract the development of
parasitic infection by strengthening the intestinal barrier and modulating the intestinal
microbiota, producing antimicrobials (bacteriocins), modulating the mucosal immune
system, and increasing enzymatic activity [2]. Probiotic bacteria modulate both the local
and systemic immune response by inhibiting inflammation, stimulating phagocytosis,
regulating TLR (Toll-like receptor) expression, activation of antigen-presenting cells, and
lymphocyte proliferation. At the same time, they increase the production of specific IgA
antibodies in the gastrointestinal tract and are involved in maintaining Th1/Th2 balance [3].
However, the whole bacterial cell may not be required to act immunomodulatory, it might
even be replaced by its ribosomally produced antimicrobial proteins—bacteriocins [4].

Bacteriocins are membrane-active peptides that damage cell membrane integrity,
leading to leakage of intracellular solutes and subsequent cell death. The importance
of bacteriocins lies in maintaining homeostasis and also in preventing inflammatory or
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respiratory diseases, systemic infections, and cancer [5]. Bacteriocins are produced by lactic
acid bacteria, so many fermented foods are also their source. The large genus Enterococcus is
one of the lactic acid bacteria. Enterococcus strains produce various bacteriocins (enterocins)
that can have potential use as preservatives for food, pharmaceuticals, and nutritional
and veterinary drugs [6-8]. There are many studies describing the inhibitory activity of
bacteriocins from lactic acid bacteria against various viruses, their mechanism of action, and
their synergistic and antagonistic effects [9-12]. The antiparasitic potential of bacteriocins
has only been reported in leishmaniosis [13], and in our laboratory, in trichinellosis [14].
The immunomodulatory activity of bacteriocins in parasitic infections has not been studied.

Trichinellosis is one of the most neglected food-borne parasite zoonoses worldwide,
which is caused by infectious larvae of Trichinella spp. [15]. It is spread in Europe, Southeast
Asia, North and South America, New Zealand, and North Africa. Outbreaks have been
reported in 55 countries, with an annual global average of 5751 cases and five deaths [16].
The global burden of trichinellosis using disability-adjusted life years was estimated to
be 76 per billion persons per year (95% credible interval: 38-129) [17]. Adult stages of
Trichinella parasitize the small intestine of the host and the new-born larvae (NBL) migrate
through the blood and lymphatic circulation into the striated muscles. The severity of
the disease depends on the number of infectious doses received, the Trichinella species,
their location, and the degree of tissue damage. Trichinellosis chemotherapy with common
anthelmintics is effective against adult worms in the intestine but not against migrating
and muscle larvae. The efficacy of available benzimidazole therapy is insufficient against
encapsulated larvae due to low water solubility and anthelmintic resistance, and it is
contraindicated for children and pregnant women [18]. It is therefore necessary to develop
new methods to control this disease. Therefore, the antiparasitic potential of natural
proteins [19], similar to bacteriocins, has been increasingly used in recent years.

As an alternative biological therapy for trichinellosis, the protective and immunomodu-
latory effects of enterocins (enterocin M, durancin-like) produced by beneficial Enterococcus
strains were examined. Enterocins may exert beneficial effects on health through modula-
tion of phagocytosis. Phagocytosis is an essential process for initiating immune responses
against infection. Phagocytes play roles in both innate and acquired immunity, they initiate
the killing pathway of invaded pathogens by activating oxidase enzymes in phagolyso-
somes. In the antiparasitic defence in trichinellosis, the oxidative burst of phagocytes
(especially hydrogen peroxide) is effective in the destruction of new-born larvae migrat-
ing through the blood and lymphatic channels to the striated muscles of the host [20,21].
Granulocytes eliminate NBL and muscle larvae through both oxygen-dependent and
antibody-dependent cytotoxic mechanisms [22-24]. Therefore, in our experiment, we
evaluated the phagocytic and oxidative activity of blood leukocytes after therapy with
enterococci/enterocins.

2. Materials and Methods
Ethical approval

All animal housing and experiments were conducted in strict accordance with current
Slovak ethical rules, the Guidelines for Care and Use of Laboratory Animals of the Institute
of Parasitology SAS, and the State Veterinary and Food Administration of the Slovak
Republic (No. Ro-1604/19-221/3).

Beneficial enterocin-producing strains and their enterocins

The beneficial strain Enterococcus faecium AL41 = CCM 8558 is an environment-
derived strain [25] (isolated and characterized at the Centre of Biosciences of the Slovak
Academy of Sciences, Institute of Animal Physiology (CBs SAS IAP), Kosice, Slovakia
and deposited (deposed) in the Czech Culture Collection of Microorganisms, Brno, Czech
Republic—CCM 8558). It produces enterocin M (Ent M) with a wide inhibitory spectrum
(activity 51,200 AU/mL) and beneficial (probiotic) properties, i.e., stimulates the host’s
unspecific immunity.
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The beneficial strain Enterococcus durans ED26E /7 [26] was isolated from traditional
ewe’s milk lump cheese at the Research Dairy Institute, Zilina; RDI, Zilina, Slovakia,
and identified, characterized and prepared for the experiment at CBs SAS IAP, Kosice,
Slovakia. The strain produces a durancin-like enterocin with a wide antimicrobial activity
(25,600 AU/mL).

All strains were checked according to EFSA rules. They were prepared for the experi-
ment as follows: cultivation in MRS broth (Merck, Eppelheim, Germany) at 37 °C for 24 h.
After centrifugation of the culture (10,000x g/30 min), the supernatant was resuspended to
a concentration of 10° colony-forming units per ml (CFU/mL) in Ringer’s solution (Merck,
Eppelheim, Germany, pH 7.0). The selective media ME-Enterococcus agar (Difco, Thermo
Fisher Scientific, Roskilde, Denmark) and/or MRS agar (Merck, Eppelheim, Germany)
were used to check the purity of the strains. The concentration stability of the cultures was
verified for 1 week at 4 °C.

Both enterocins (enterocin M and durancin-like), prepared according to
Marekova et al. [27], belong to group Il.a (pediocin-like enterocins) [28,29], are thermostable
with a wide spectrum of inhibitory effects, and retain their activity at low temperatures.
They have a protein character and do not leave residues. The protein content of both
enterocins was 2 mg/mL.

Experimental design

The experiment was performed on 8-week-old male BALB/c mice (n = 126), free of
pathogens, weighing 18-20 g (VELAZ, Prague, Czech Republic). The mice were maintained
on a commercial diet and a 12 h light/dark regime at room temperature (22-24 °C) and
56% humidity.

There were six groups of animals in the experiment (Figure 1): Control (n = 21)—no
treatment and no infection; Group 1 (n = 21)—T. spiralis infection, no treatment; Group 2
(n = 21)—E. faecium CCMB8558 + T. spiralis; Group 3 (n = 21)—enterocin M + T. spiralis; Group
4 (n = 21)—E. durans ED26E/7 + T. spiralis; Group 5 (n = 21)—durancin-like + T. spiralis.
Enterococcus strains (10° CFU/mL in 100 pL) and enterocins (50 uL) were administered
daily per os. Mice were challenged with 400 T. spiralis larvae (reference isolate T. spiralis
ISS 004, maintained at our institute) on the 7th day of treatment. Samples of blood and
tissues (the small intestines, muscles) were obtained from mice (3 mice per group) prior to
infection: days —7 and 0 and post-infection: 5, 11, 18, 25, and 32 dpi.

Control
(n=21)
healthy mice
none treatment
none infection

Group 1 Group 2 Group 3 Group 4 Group 5
(n=21) (n=21) (n=21) (n=21) (n=21)
Trichinella Enterococcus Enterocin M Enterococcus durans Durancin-like
spiralis faecium CCM8558 + T. spiralis ED26E/7 + T. spiralis
+ T. spiralis + T. spiralis

Enterococcci: 100 pl (10° CFU/mlI)/mouse per os daily; Enterocins: 50 pl (2 mg/ml)/mouse per

v
Days -7

oS aally

:iI-nte’stm:a-ITﬁlse-:-: BRI
! !

N
5 dpi 11 dpi 18 dpi 25 dpi 32 dpi

400 T. spiralis
larvae/mouse
per os on day 7
of treatment

Figure 1. Scheme showing the experiment.

Phagocytosis assay



Life 2023, 13, 1930

40f13

The phagocytic activity of blood monocytes and granulocytes was detected with
a Phagotest kit according to the manufacturer’s instructions (Glycotope Biotechnology,
Heidelberg, Germany). Briefly [21], 100 uL of heparinized whole blood and 20 puL of FITC-
labelled Escherichia coli (4 x 107) was incubated at 37 °C/10 min. After stopping the reaction
on ice and 100 uL of quenching solution, the cells were washed twice and incubated in 2 mL
of lysis solution at RT /20 min. After washing the cells, 200 uL of DNA staining solution
was added to the cells for incubation on ice/10 min. Phagocytosis was analysed using flow
cytometry (FACScan, Becton Dickinson Biosciences, Heidelberg, Germany). Phagocytic
activity was assessed as the percentage of phagocytic cells in the total population (ingested
one or more bacteria per cell) and as the phagocytic activity of individual cells (the number
of ingested bacteria per cell, measured using fluorescence intensity, GeoMean).

Respiratory burst assay

The oxidative burst activity of blood monocytes and granulocytes was quantified
with a Phagoburst kit according to the manufacturer’s instructions (Glycotope Biotech-
nology, Heidelberg, Germany). Briefly [21], 100 puL of heparinized whole blood was
incubated on ice for 10 min, followed by the activation of cells with 20 uL of stimulants
(unlabelled opsonized E. coli bacteria; protein kinase C ligand phorbol-12-myristate-13-
acetate; N-formyl-MetLeuPhe). The negative control was cells without the stimulant.
Samples were incubated at 37 °C/10 min, and then 20 pL of substrate dihydrorhodamine
was added and incubated at 37 °C/10 min. The reaction was then stopped with 2 mL of
lysis solution at RT /20 min. After washing the cells, 200 pL of DNA staining solution
was added to the cells followed by incubation on ice for 10 min. The respiratory burst
was analysed using flow cytometry (FACScan, Becton Dickinson Biosciences, Heidel-
berg, Germany). The oxidative activity of phagocytes was assessed as the percentage of
phagocytic cells producing reactive oxidants and as their individual enzymatic activity
(measured using fluorescence intensity, GeoMean).

Isolation of intestinal worms

Pieces (5-10 cm) of the small intestine were incubated in 0.9% saline on sieves in
conical glasses at 37 °C overnight. Then, gut pieces were removed and sedimented worms
were counted under a stereomicroscope (60 x magnification).

Isolation of muscle larvae

Whole eviscerated carcasses were homogenized and digested with artificial juice (1%
pepsin and 1% HCI, both from Sigma-Aldrich, Hamburg, Germany) at 37 °C/4h according
to Kapel and Gamble [30]. After sedimentation (20 min), the sediment was filtered (180 pm
sieve) and washed with tap water into a conical glass. Larvae present in the sediment were
counted in a gridded Petri dish under a stereomicroscope (40x magnification).

Statistical evaluation

One-way ANOVA and Tukey’s post hoc test were performed using Statistica 6.0 (Stat
Soft, Tulsa, OK, USA). The tests were used in the statistical processing of the results for
comparison between two groups at each time point. A value of p < 0.05 was considered
statistically significant.

3. Results
3.1. Phagocytic Activity of Blood Polymorph Nuclear Leukocytes (PMNL)

The phagocytic activity of leukocytes (Figure 2) in infected mice without therapy
was significantly suppressed from 11 dpi. compared with healthy mice. However, a high
percentage of active phagocytes was noted at 11 dpi. in the groups with E. faecium CCM8558,
E. durans ED26E/7, and the durancin-like enterocin, with a significant increase (p < 0.01)
compared with the T. spiralis-infected group without therapy. This stimulatory effect of
enterococci lasted until 25 dpi.
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Figure 2. Percentage of PMNL in mice treated with enterococci/enterocins and infected with T. spiralis.
*p < 0.05; ** p < 0.01—significantly different compared with T. spiralis.

The individual ingestion ability of blood leukocytes (Figure 3) in groups of mice
infected with T. spiralis without therapy or with enterococci/enterocins treatment was
significantly increased at the beginning of the intestinal phase (from 5 to 11 dpi.). In
the following days, cellular phagocytic ability was inhibited in T. spiralis-infected mice
without therapy. In the groups with enterococci/enterocins treatment, the values remained
significantly (p < 0.01) increased from 18 dpi. This stimulatory effect lasted until the end of
infection and with maximum after E. durans ED26E /7 and enterocin M applications.
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Figure 3. Individual cellular phagocytic activity of PMNL in mice treated with enterococci/enterocins
and infected with T. spiralis. ** p < 0.01—significantly different compared with T. spiralis.
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3.2. Metabolic Activity of Blood Polymorph Nuclear Leukocytes (PMNL)

A high percentage of cells with an oxidative burst (Figure 4) were observed even
before infection (0 dpi.) in all groups. The percentage of metabolic active cells remained sig-
nificantly (p < 0.01) increased from 11 dpi. in all groups treated with enterococci/enterocins.
However, T. spiralis infection significantly reduced the percentage of active cells in the in-
testinal phase of infection (from 11 to 18 dpi), and the lowest values were found in infected
mice without therapy until the end of the experiment. Enterocin M and the durancin-
like enterocin stimulated the oxidative burst of blood phagocytes as effectively as their
producing bacterial strains.
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Figure 4. Percentage of phagocyte oxidative burst in PMNL in mice treated with entero-
cocci/enterocins and infected with T. spiralis. * p < 0.05; ** p < 0.01—significantly different compared
with T. spiralis.

The individual metabolic activity of leukocytes (Figure 5) was significantly (p < 0.01;
p < 0.05) increased from 11 dpi. in all groups compared with healthy mice. This stimulatory
effect persisted until the end of T. spiralis infection. Enzyme production reached a maximum
at 18 dpi. in mice stimulated with E. faecium CCM8558 and enterocin M. At the end of
infection, enzymatic activity was equally increased in infected-untreated and infected-
treated mice.
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Figure 5. Enzymatic activity of phagocytes in PMNL in mice treated with enterococci/enterocins and
infected with T. spiralis. * p < 0.05; ** p < 0.01—significantly different compared with T. spiralis.

3.3. Development of Parasitic Infection during the Intestinal and Muscular Phase of Trichinellosis

The number of adult worms during the intestinal phase of trichinellosis was lower
in mice with enterococci/enterocins treatment compared with the infected mice without
therapy (Table 1). The number of adults in the intestine of mice reached maximum values
in all groups at 5 dpi.; however, a significant (p < 0.01; p < 0.05) reduction was observed in
mice treated with enterocin M, E. durans ED26E /7, and the durancin-like enterocin. The
greatest reduction in the number of adults in the small intestine of mice occurred at 11
dpi. (p < 0.01) in mice with E. faecium CCM8558 application (54.5%). Its enterocin M (46%)
also had a similar effect. E. durans ED26E/7 achieved a 35.7% antiparasitic effect, while its
durancin-like enterocin showed only 16.4%.

Table 1. Parasite burden in mice.

Intestinal Phase (Numbers of Adults Per Animal)

. 5 11 18
Days Post-Infection Reduction Reduction Reduction
(Mean + S.D.) o (Mean =+ S.D.) o (Mean =+ S.D.) o
(%) (%) (%)
T.spiralis 308 + 25 213 £ 17 1+3
E.faeciumCCM8558 + T.spiralis 276 +9 10.4 *97 +18 54.5 0+1 100
Enterocin M + T.spiralis **173 £ 22 43.8 *115+7 46 1+4 0
E.duransED26E/7 + T.spiralis *203 £ 40 34.1 **137 £ 13 35.7 0+1 100
Durancin-like + T.spiralis **208 + 22 32.5 ** 178 £13 16.4 544 0
Muscle Phase (Numbers of Larvae Per Animal)
. 18 25 32
Days post-Infection . . .
(Mean + S.D.) Redloxctlon (Mean + S.D.) Redloxctlon (Mean + S.D.) Red‘o‘““’“
(%) (%) (%)
T.spiralis 9+2 43,305 + 1972 50,515 + 1540
E.faeciumCCM8558 + T.spiralis 42 +4 0 **14,495 + 1839 66.5 ** 22,363 + 1005 55.7
Enterocin M + T.spiralis 43+7 0 **13,013 + 1598 51.5 **30,513 + 2468 39.6
E.duransED26E/7 + T.spiralis 30+ 3 0 ** 24,965 + 3690 424 ** 32,163 + 2178 36.3
Durancin-like + T.spiralis 28+4 0 ** 29,636 4 2330 31.6 42,930 + 2281 15.1

*p <0.05; ** p < 0.01—significantly different compared with the T. spiralis-infected group without treatment.

At the beginning of the muscle phase, only low numbers of larvae were obtained at
18 dpi. The maximum counts were detected at the end of the experiment at 32 dpi. (Table 1).
The significantly greatest reduction in the number of larvae was found at 25 dpi. (p < 0.01),
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namely, in the groups with E. faecium CCM8558 (66.5%) and enterocin M (51.5%). The
anti-larval effect of enterococci/enterocins therapy lasted until 32 dpi.

4. Discussion

Intestinal microbiota significantly affects the completion of the parasite life cycle in the
gut, influencing the development of larvae into adult individuals and their reproductive
capacity [1]. Probiotic organisms are able to modulate their physical-chemical environ-
ment, pH, intestinal motility, and mucus secretion [31,32], which are major components
of intestinal physiology in host defence against worms [33]. The beneficial activity of
a probiotic organism depends on the metabolites it produces. They secret various en-
zymes ([3-galactosidase, proteases, lipases) and bacteriocins with antimicrobial activity.
The production of bacteriocins and hydrogen peroxide [31,34] can prevent parasites from
entering the intestinal epithelial cells, i.e., the site for the moulting of Trichinella larvae,
transformation into adults, and reproduction [35].

During the intestinal phase of trichinellosis in mice treated with enterococci/enterocins,
we observed a significant reduction in adult worms compared with infected mice without
therapy. In the early phase of trichinellosis (at 5 dpi), when adult worms are established in
the epithelium of the small intestine and females give birth to live larvae in high numbers
(500-1500 NBL/female; [36]), the enterocins themselves are also effective in expelling
worms. Enterocin M reduced the number of adults by 43.8%, and the durancin-like
enterocin reduced the number of adults by 32.5%. Enterocin M retained its effectiveness
even in the developed intestinal phase on the 11th dpi. (46%), but the durancin-like
enterocin inhibited the presence of worms by only 16.4%. The strain E. durans ED26E/7
showed a balanced antiparasitic effect on adults (34.1 and 35.7%) during the intestinal phase,
but E. faecium CCM8558 maximally stimulated worm expulsion only in the developed
intestinal phase at 11 dpi. (54.5%). A similar trend indicating the reduction in Trichinella
in the intestine after the application of E. faecium CCMB8558 (53%) and E. durans ED26E /7
(38%) was also noted [37]. Oral application of other lactic acid strains Lactobacillus casei
ATCC 7469, L. acidophilus P110, and L. plantarum P164 reduced trichinella in the intestine
of mice by 36-58% [38,39]. Lactobacillus casei ATCC 393 and L. paracasei CNCM caused a
significant reduction in adults in the gut [40]. However, the application of Enterococcus
faecalis CECT7121 did not affect adult T. spiralis burden in the gut in mice [41].

In the muscular phase of trichinellosis, we found the greatest reduction in the number
of larvae at 25 dpi. in mice treated with E. faecium CCMB8558 (66.5%), enterocin M (51.5%), E.
durans ED26E /7 (42.4%), and the durancin-like enterocin (31.6%). The anti-larval effect of
enterococci/enterocins therapy lasted until 32 dpi. (E. faecium CCM8558—55.7%, enterocin
M—39.6%, E. durans ED26E /7—36.3%), with the exception of the durancin-like enterocin
(15%). These results confirmed the significant antiparasitic effect of enterocin M alone,
which was comparable to its producer E. faecium CCM8558. A similar inhibitory effect of
enterococci on Trichinella muscle larvae was also evaluated, which showed a reduction of
65% for E. faecium CCM8558 and 50% for E. durans ED26E /7 [37]. Some strains of lactobacilli
(L. casei ATCC7469, L. casei Shirota, and L. plantarum P164) also had an anti-larval effect in
trichinellosis [38,39,42], but we cannot generalize these results because the beneficial effects
of probiotic bacteria are strain-specific [43].

We hypothesize that in our work, enterococci/enterocins therapy inhibited NBL
motility and migration. Lactic acid bacteria, including enterococci, form lactic acid, acetic
acid, protein enterocins, and hydrogen peroxide, which are necessary for the destruction
of pathogens [44] and are also used in the antiparasitic defence of the host [45,46], as
documented by a significant reduction in larval burden after enterococci/enterocin therapy.
It is probable that enterocins disrupt the cell membrane not only of the target cells [47] but
also the surface structures of larvae. Enterocin M and the durancin-like enterocin could act
through permeabilization changes in the cuticle layers of the larvae, the formation of pores
that allow the influx of ions, oxidative damage to internal structures, and the bioenergetic
collapse of the organism.
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A very important aspect of the mechanism of action of probiotic bacteria is their
immunomodulating abilities. From an immunological aspect, bacteriocins represent a new
strategy for suppressing or preventing various intestinal and extra-intestinal infections. The
host initiates an immune response to the parasite at the intestinal level, where the parasite
and intestinal microbiota interact, and the host’s immune system changes as a result of
both. Phagocytosis by blood leukocytes is the host’s defence basic tool against pathogens
including parasites [48]. Phagocytes are the central cells in the inflammatory reaction,
and their immunostimulation can modulate the course of the inflammatory reaction and
subsequent pathological changes [49]. Many studies have investigated the modulatory
effect of probiotic bacteria on phagocytosis in recent years. Many strains stimulate the
activity of blood phagocytes (monocytes, polymorph nuclear cells), which participate in a
mucosal barrier of the intestinal walls, thus inhibiting the transfer of antigens through the
intestinal mucosa and supporting the growth of probiotic microbiota [50].

Increased phagocytic activity after stimulation with the bacterium Lactobacillus johnsoni
Lal was recorded four weeks after the disappearance of the probiotic strain from faeces [51].
Similarly, an increase in the phagocytic activity of leukocytes in dogs was found until
the 5th week after ending the application of L. fermentum CCM?7421 and Bifidobacterium
animalis B/12 [52,53]. Increased phagocytic activity of peripheral blood mononuclear
cells (PBMCs) was detected after the application of Enterococcus faecium CCM8558 and
Bifidobacterium lactis HNO19 [21,54]. Increased phagocytosis by heterophiles was noted in
the study [55], in which chickens infected with Salmonella enterica serovar Enteritidis were
administered the probiotic strain Enterococcus faecium EF55. Bifidobacterium adolescentis BB-2
and Bifidobacterium longum B-3 strains also confirmed the immunostimulatory effect on
the phagocytic activity of macrophages [56]. Granulocytes from the liver and peripheral
blood of piglets fed probiotics BIOTHREEPlus (BT) also showed higher phagocytic activity
than the control [57]. Consumption of Bifidobacterium lactis HNO19 significantly stimulated
PBMC phagocytosis of NK cells in humans [58]. Sublancin (a glycosylated antimicrobial
peptide) produced by Bacillus subtilis 168 enhanced the phagocytic activity of peritoneal
macrophages in immunosuppressed mice [59].

In our study, parasitic infection with T. spiralis during the first week of infection did
not change the percentage of phagocytic cells but significantly increased the individual
ingestion capacity of phagocytes up to 11 dpi. However, on this day, the phagocytic activity
significantly decreased, and a reduction was noted in the population of blood phagocytes
in untreated-infected mice until the end of the experiment. Application of enterococci
(E. faecium CCMS8558, E. durans ED26E/7) and the durancin-like enterocin increased the
number of phagocytes at 11 dpi. and both enterococcal strains and enterocins (enterocin M
and durancin-like) stimulated the ingestion capacity of phagocytes during the migratory
and muscular phases of infection (from 18 to 32 dpi). A similar stimulatory effect of
enterococci on blood phagocytes was noted in another study [21].

In our work, the phagocytic activity of leukocytes was most significantly stimulated
with the strain E. faecium CCM8558 from the 11th dpi., i.e., from the time when the lar-
vae begin their migration until the time of settling in the muscles (25-32 dpi.). While
studying immunity genes in the “nurse cell” system around muscle larvae, it was found
that encysted larvae are constantly actively connected to the host’s immune response and
can induce phagocytosis and oxidative stress [60]. In other studies, the strain E. faecium
CCMS8558 increased the phagocytosis of blood PMNL even after successful colonization of
the intestine in horses, rabbits, and laying hens [25,26,61]. Other authors documented the
activation of phagocytosis by probiotic strains, mainly lactobacilli, in humans, pigs, and
dogs [52,62,63]. A stimulation of phagocytic activity and oxidative burst of neutrophils
were recorded during the long-term administration of milk with L. helveticus NCDC292, L.
acidophilus NCDC15, and L. paracasei [64]. Not only whole cells but also exopolysaccharides
(EPS) from the Lactobacillus kiferi strain increased macrophage phagocytic activity and NO
production [65]. This study, together with our results after the application of enterocins,
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point to the fact that bacterial products (EPS, bacteriocins) are able to successfully modulate
the immune system.

The oxidative activity of phagocytes, i.e., production of reactive oxidative metabolites,
was significantly suppressed in T. spiralis-infected and untreated mice at 11-18 dpi. during
this period of intensive migration of NBL, which release suppressor substances to ensure
successful localization in the host’s muscles. The presence of phagocytosis inhibitory
factors was confirmed in the sera of patients with trichinellosis [66]. Enterococci/enterocins
therapy in our experiment significantly stimulated the oxidative metabolism of phagocytes
precisely during this period of NBL migration from 11 dpi to the end of the experiment,
while enzyme production was maximal at 18 dpi. in mice with the application of E. faecium
CCMB8558 and enterocin M. Stimulation of the oxidative metabolism of phagocytes could
thus contribute to the destruction of NBL and the reduction in muscle larvae that was
recorded on 25 dpi. Neutrophils and macrophages produce nitric oxide (NO), which kills
T. spiralis larvae. However, during their development, larvae are not equally sensitive to
this deadly mechanism [67]. NBL and muscle larvae are easily destroyed within 11 days,
but mature muscle larvae (more than 14 days) are resistant to nitric oxide. The first larvae
can colonize muscles between 4 and 14 dpi., and subsequently, the proportion of larvae
susceptible to NO decreases between 14 and 28 dpi. That means that we can influence the
reduction in the parasitic load in the muscles until the 28th dpi. In our work, therapy with
enterococci/enterocins stimulated oxidative metabolism in phagocytes from 11 to 18 dpi.,
which may be associated with the NO effect on larvae resulting in reduced parasitic load.

5. Conclusions

A protective effect of enterocins (enterocin M and durancin-like), produced by ben-
eficial Enterococcus strains (E. faecium CCM8558 and E. durans ED26E/7), was examined
as an alternative biological therapy for trichinellosis. Enterocinogenic activity was evalu-
ated in the interactions between enterocin application, induction of immune effectors, and
elimination of the parasite. Enterocins/enterococci therapy prevented the suppression of
phagocytosis of blood PBM during caused by T. spiralis infection in the intestinal phase of
trichinellosis and stimulated phagocytic activity and oxidative burst during the migration
of NBL into muscles. The immunomodulatory effects of enterocin M and the durancin-like
enterocin were comparable to their producing strains.

Knowledge of the immunological modulations induced by beneficial enterocins/
enterococci on T. spiralis infection is the basis for setting an effective pharmacological
strategy that can reduce the risk of parasite infection or supplement classical antiparasitic
treatment with a reduced dose of anthelmintics.
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