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Abstract

Background and Aim. Trichinellosis is a serious zoonotic disease, with frequent outbreaks reported
across various regions in Europe and Asia. However, current diagnostic tests based on excretory-secretory
antigens (ES-Ag) and somatic antigens (S-Ag) lack adequate specificity and sensitivity. Moreover, the
production of these antigens is both labor-intensive and costly.

Materials and Methods. The immunodiagnostic potential of a recombinant 11 kDa serine protease
protein, previously characterized in earlier studies was assessed. This study detected infection in Balb/c
mice as early as 14 days post-infection with 7. spiralis larvae, yielding no false-positive results and an
average infection level of 61+5.3 larvae per mouse.

Results. Comparative indirect ELISA analysis on mouse sera after the 3rd and 5th immunizations,
alongside tests on S-Ag and S-Ag using sera from infected rabbits and pigs, demonstrated the high
diagnostic accuracy of the recombinant protein. The protein revealed strong specificity for trichinellosis
detection, showing no cross-reactivity with echinococcosis.

Conclusion. These findings support using rTsp-LE as a reliable component in developing ELISA
test systems for trichinellosis detection.

Keywords: ELISA; Es-Ag; immunization; recombinant protein; S-Ag; Trichinella spiralis.

Introduction

Trichinellosis is a zoonotic disease caused by nematodes of the family Trichinellidae, affecting
humans and a range of animals. The disease is registered in domestic animals such as pigs, dogs, and
cats, as well as in numerous wild carnivores (including wolves, foxes, and bears), rodents (such as rats
and mice), and humans [1]. Approximately 11 million people worldwide are estimated to be chronically
infected with Trichinella spiralis [2].
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In 2020, 181 cases of trichinellosis were reported across nine EU/EEA countries, with 117 cases
confirmed and 64 classified as probable [3]. In China, from 2009 to 2020, cases of human trichinellosis
have been primarily concentrated in southwestern regions, with eight outbreaks resulting in 479 cases
and two fatalities [4]. Southeast Asia also shows variable seroprevalence rates of human trichinellosis,
particularly in Laos and Vietnam, where rates range from 0% to 10.5% in certain villages. Additionally,
in Cambodia, Laos, Malaysia, Thailand, and Vietnam, 13 outbreaks involving 1,604 cases and a mortality
rate of less than 1% have been recorded over the past 21 years [5].

Given the epidemiological context, effective early diagnosis of trichinellosis in potentially high-risk
domestic and wild animals is essential. However, routine testing of meat and animals for trichinellosis
remains limited, primarily due to inflated costs, which can reach up to $3 per animal [6].

Early clinical diagnosis of trichinellosis is challenging due to the lack of pronounced clinical
symptoms. Moreover, diagnosing the disease in its chronic stages proves even more difficult [7].

The detection of anti-Trichinella [gG via enzyme-linked immunosorbent assay (ELISA) using muscle
excretory-secretory antigens (Es-Ag) from Trichinella spiralis larvae is the most used serologic method
for diagnosing trichinellosis. However, a major limitation of current serologic tests is the potential for
false negatives during early infection stages [8, 9, 10]. Immunoenzyme methods utilizing recombinant
antibodies promotes the diagnostic process, eliminating the need for animal slaughter, reducing reliance
on antigen availability, standardizing components, and enhancing both the quality and specificity of
ELISA-based diagnostics [11, 12].

Sufficient literature supports the high sensitivity and specificity of ELISA with recombinant antigens.
For instance, Wang et al. (2015) studied a recombinant 31 kDa protein and found a sensitivity of 96.67%
and 96.87%, compared to 100% and 98.44% for ELISA using ES antigens. ELISA with recombinant
antigens was able to detect antibodies in mice with heavy (500 larvae), moderate (300 larvae), and
light (100 larvae) infections at 8, 12, and 14 days post-infection (dpi), respectively, whereas detection
using ES antigens occurred at 10, 8, and 10 dpi, respectively [13]. In mice infected with 200 muscle
larvae (ML) of 7. spiralis, the rTsTryp-ELISA demonstrated a natural muscle protease sensitivity of
98.1%, compared to 94.2% for the ES antigen-ELISA. Additionally, the specificity of rTsTryp-ELISA
was significantly higher than that of the ES antigen-ELISA, at 98.7% versus 95.4%, respectively [12].
Somatic antigens with molecular masses of 43 kDa (TsCSAg-43), 79 kDa (TsCSAg-79), and 101
kDa (TsCSAg-101), isolated by Supcharoengoon et al. (2022) from the sera of trichinellosis-infected
pigs, showed IgG-ELISA sensitivities of 100%, with specificities of 97.77%, 95.54%, and 90.63%,
respectively [14].

Y. Liu et al. (2021) developed a novel competitive enzyme-linked immunoassay (rCLP-cELISA)
based on recombinant cystatin-like protein and monoclonal antibodies. This method demonstrated high
sensitivity and specificity with human serum field samples and showed robust applicability with porcine
and murine serum [15]. The expression of Trichinella antigens encoding proteins of 53 kDa [16, 17], 49
kDa [18, 13], 35.5 kDa [19], and 21 kDa [20] in heterologous systems has become a standard approach
for generating antigens used in diagnostic test systems.

Recombinant antigens maintain great promise for several reasons: they exhibit high specificity,
minimizing the risk of false negatives and cross-reactions. Also, the expression of recombinant antigens
enables standardized production with high product purity and stability, while also reducing the risk of
infection for personnel handling parasites.

The aim of our study was to evaluate the immunodiagnostic potential of recombinant Trichinella
spiralis serine protease protein at various stages of infection in experimentally infected laboratory mice.

Materials and Methods

Ethical approval. All animal procedures were conducted following exacting standards of biosafety
and animal welfare. Protocols adhered to the International Guidelines for Biomedical Research Involving
Animals [21].

The care and use of laboratory animals were approved by the Animal Ethics Committee of the
Faculty of Veterinary Medicine and Animal Husbandry Technology at S. Seifullin Kazakh Agrotechnical
Research University (KATRU), Astana, Kazakhstan (Protocol No. 1, dated February 23, 2023).
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Experiments were conducted at the Research Platform of Agricultural Biotechnology, NCJSC: “S.
Seifullin Kazakh Agrotechnical Research University.”

Infestation of animals T. spiralis larvae were maintained through serial passage in Soviet Chinchilla
breed rabbits at the Joint Kazakh-Chinese Laboratory of Biological Safety.

Larvae were collected through artificial digestion following the standard protocol described
previously [22]. For each species of trichinellosis, seven mice, aged three to four months, were selected
for the experiment at 3, 5, 7-, 14-, 21-, and 30-days post-infection, with three mice forming the control
group. Using the principle of analogs for 7. spiralis, an experimental group of three mice was formed for
each day of selection (18 in total), along with three control mice. The infection dose was 250 larvae per
mouse, and the animals were orally infected using a disposable pipette containing Trichinella larvae.

Scheme of experiment. On the 3%, 5%, 7% 14% 21 and 30" days, three mice from each group were
euthanized for pathological autopsy. Euthanasia was performed via sequential intramuscular injection
of xylazine (Bioveta, Czech Republic) at a dose of 1.5 mg/kg, followed by intravenous injection of
Anestofol (‘“VIK’ LLC, Russia) at a dose of 7.5 mg/kg. Muscles were examined for the presence
of parasites according to the guidelines of H.R. Gamble et al. (2019) [23]. The small intestine was
dissected longitudinally, washed three times with ice-cold saline solution, then cut into 2-cm fragments
and cultured in saline at 37 °C for 2.5 hours. Larvae that emerged from the small intestine into the
physiological solution were collected using the Berman method [24].

Larvae isolation. Trichinella larvae were isolated from animal muscle tissue samples using
compressor trichinelloscopy and digestion in artificial gastric juice (AGJ), following the methods
outlined in Methodological Guidelines 4.2.2747-10 “Methods of Sanitary-Parasitological Examination
of Meat and Meat Products” [25]. The detected and isolated helminthological material was preserved in
a 70% ethanol solution.

Antiserum testing by indirect ELISA. ELISA was performed as previously described [13]. Briefly, 96-
well ELISA plates (Corning, USA) were coated overnight at 4 °C with 100 pL of purified recombinant
antigens (1 pg/mL) or ES antigens (1 pg/mL) in bicarbonate buffer (pH 9.6). After blocking with PBS
containing 0.1% BSA for 1 hour at 37 °C, the following reagents were added sequentially and incubated
for 1 hour at 37 °C: (1) mouse serum diluted 1:100 in PBST, and (2) HRP-conjugated anti-mouse I1gG
(Sigma, USA) diluted 1:5000. Reactions were detected by adding a one-component TMB substrate
(tetramethylbenzidine, CJSC “HBO Immunotech”, Russia), and the reaction was stopped by adding 50
puL/well of 2M H2SO4. Optical density (OD) values at 450 nm were measured using a microplate reader
(BioSan, Lithuania). All samples were analyzed in duplicate. A ratio of test sample OD to negative
control OD (S/N ratio) < 2.1 was considered negative, while S/N > 2.1 was considered positive.

Statistical analysis. Mean and standard deviation were calculated using Microsoft Excel 2010. For
each value, Student's r was calculated, and a p-value < 0.05 was considered statistically significant.
Serological studies were carried out using the method described by T.S. Saiduldin (1981) [26].

Results

During experiments infecting laboratory Balb/c mice with 7. spiralis larvae at a dose of 250 larvae,
the phase of larval migration from the intestine to the muscle was observed. The results indicate that
larval migration begins as early as day 14, which is consistent with multiple studies. Figure 1 shows the
numerical values of larvae detected through postmortem examination of the mice.
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Figure 1 — Development of trichinella larvae in intestine and muscle

As shown in Figure 1, larvae were first detected in the intestines of infected mice at 7 dpi. However,
by 14 dpi, active migration of T. spiralis larvae to the muscle was observed, with an average of 61+£5.3
larvae. A significant decrease in the number of larvae in the intestine was noted by 21 dpi (14£2.08)
(p<0.01), accompanied by a 34.4% increase in muscle larvae (p<0.05). By 30 dpi, the number of muscle
larvae reached 110+4.3 (p<0.01), while the number of intestinal larvae decreased to 1.6+0.88 (p<0.01).
Figure 2 shows muscle larvae isolated at 21 days post-infection.

On day 14, muscle larvae found in the muscles were both spirally twisted and hairpin-shaped,
characteristics typical of the early muscle stage. This suggests ongoing larval migration from the
intestine. Figure 2 shows muscle larvae isolated at 21 days post-infection.
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Figure 2 — Trichinella larvae in the muscles of BALB/c mice (21 dpi)
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Blood serum was collected from mice at each stage of infestation for antibody analysis using indirect
ELISA. The results are shown in Table 1.

Table 1 — Antibody Days after invasion of animals Mean
titer of mice infected 3days | 5Sdays | 7days | 14 days | 21 days | 30 days | antibody titers
with T.spiralis against
ES-Ag measured
by indirect ELIS
Alnventory /number
of mice
1 RA RA RA 1:800 | 1: 1600 | 1:3200 1:1600
(+18.9; -15.9)
2 RA RA 1:100 1:800 | 1:3200 | 1:6400 1:3200
(+20.6; -17.1)
3 RA RA RA 1:400 | 1:1600 | 1:3200 1:980
(+12.5; -11.1)
Control group
4 RA RA RA RA RA RA -
5 RA RA RA RA RA RA -
RA RA RA RA RA RA -

Note: Reaction absence

The tested method showed low efficiency in detecting trichinellosis during the intestinal phase
of infection, despite the presence of larvae in the intestine. Antibodies were first detected at 14 days
post-infection (dpi) with titers of 1:400 to 1:800 in some mice within the group. By day 30, titers had
increased to 1:3200 and 1:6400, confirming a positive result. However, results obtained between days 7
and 14 could be interpreted as either positive or potentially false positive.

The recombinant serine protease protein Tsp-LE 11 kDa (PP099881.1), based on the cDNA sequence
of the large exon of the 7. spiralis serine protease gene (data not shown), was also evaluated for its
diagnostic value. Studies were conducted on mouse, rabbit, and pig sera using Es-Ag, S-Ag, and the test
antigen rTsp-LE.

An initial ELISA was performed using sera from mice immunized with the recombinant protein.
The results are summarized in Table 2.

Table 2 — ELISA results using Es-Ag and rTsp-LE antigens in mice following two consecutive
immunizations

Antigen Average antibody titer
after the 3" immunization after the 5th immunization
ES-AG 1:300 (+41.4; -29.3) 1:570 (+23.1; -18.7)
Recombinant protein 1:570 (+23.1; -18.7) 1:2260 (+14.9; -13.0)
P 0.002 0.0001

During the first two immunizations, specific IgG was first detected in the infected mice serum after
the third immunization with S-Ag, with OD 450 values of 0.324 and 0.234 at dilutions of 1:200 and
1:400, respectively. When using the recombinant antigen, a positive result was also observed after the
third immunization at nearly the same titers of 1:400-1:800, with OD 450 values of 0.277 and 0.205,
respectively. After the fifth immunization, detection occurred at titers of 1:400-1:800 and 1:1600-
1:3200, with mean OD 450 values of 0.326 and 0.231 for ES-Ag and rTsp-LE, respectively. Despite
the high specificity of ES-Ag, the ELISA values for detecting trichinellosis in mice using rTsp-LE are
only slightly lower. However, it should be noted that the 11 kDa recombinant protein binds specifically

8
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to the serine protease protein of Trichinella larvae, as evidenced by the absence of cross-reaction with
Echinococcus, a commonly detected disease. Furthermore, this antigen was successfully used to diagnose
animals infected with T. nativa, yielding results analogous to those obtained with 7. spiralis (1:3200).

To study species specificity and the reaction of the obtained protein with antibodies from other
animal species, indirect ELISA was performed using S-Ag, Es-Ag, and the recombinant protein. The
results are presented in the table below.

Table 3 — Determination of antibody titer in sera of infected rabbits and pigs using Es-Ag, S-Ag and
rTsp-LE

Antigens Average antibody titer
Infested rabbits Positive swine serum
S-Ag 1:20 480 (+14.1; -12.3) 1:6 400 (+32.0; -24.2)
ES-Ag 1:20 480 (+14.1; -12.3) 1:3 940 (+39.5; -28.2)
Recombinant protein 1:2 260 (+14.9; -13.0) 1:800 (+41.4; -29.3)
P 0.003 0.001

When sera from infected rabbits and pigs were tested using the three types of antigens, S-Ag showed
a positive reaction with a mean titer of 1:20,480 in rabbits and 1:6,400 in pigs, with mean OD 450 values
of 0.631 and 0.332, respectively. The results for ES-Ag were nearly identical to those for S-Ag, with
titers of 1:20,480 in rabbits and 1:3,940 in pigs, and OD 450 values of 0.581 and 0.456, respectively.
The recombinant Tsp-LE protein yielded positive results at mean titers of 1:2,600 in rabbits and 1:800
in pigs, with mean OD 450 values of 0.225 and 0.226, respectively.

Based on the results, the recombinant 11 kDa rTsp-LE protein demonstrates sufficient diagnostic
value for detecting trichinellosis infection in different animal species. This protein can be utilized for the
further development of a highly specific ELISA test.

Discussion and Conclusion

ES antigens derived from the muscle tissue of 7. spiralis larvae are widely used as serodiagnostic
agents for trichinellosis and are recommended by the International Commission on Trichinellosis
(ICT) [27]. However, the process of obtaining ES-Ag requires harvesting muscle tissue larvae from
experimentally infected laboratory animals, which can be resource-intensive and labor-intensive.
Recombinant proteins offer a promising alternative to ES antigens, as they can be efficiently produced
in large quantities using bacterial expression systems and used as antigens in sensitive, specific, and
standardized ELISA tests for trichinellosis serodiagnosis. This approach could enhance the accuracy
and convenience of diagnosing the disease. Previous studies [28, 29] have suggested that the serine
protease of adult 7. spiralis larvae plays a role in capsule formation and may help protect newborn
larvae in the host bloodstream. These findings imply that serine proteases may be involved in intestinal
mucosal invasion and could serve as potential targets for early detection of parasitic invasion, as well as
for the development of vaccines against trichinellosis infection.

In our study, larvae were detected in the gut starting at 7 dpi, with their numbers increasing from
12 to 91 larvae by 30 dpi. Transformation into muscle tissue was observed between 21 and 30 dpi, and
the number of larvae in the gut significantly decreased from 14 to 1.6 larvae. These findings suggest
that signs of the disease can be detected between days 7 and 14 using the recombinant serine protease,
enabling earlier diagnosis.

These findings are consistent with studies by O.N. Andreyanov, who demonstrated that at a dose
of 100 T. spiralis larvae, survival in the intestine persists for 18-24 days [30]. Similarly, Pereverzeva et
al. observed no intestinal, sexually mature Trichinella in mice after day 21 of infection. In their control
group, the survival rates of intestinal Trichinella were: 54% after 4 days, 44% after 7 days, 21-30% after
15 days, 16.5% after 21 days, and 4-5% between 28-30 days [31], which aligns with our results.

No encapsulated larvae were observed by day 30 post-infection. These findings align with those of
Pereverzeva, who reported the presence of semi-formed larvae in muscle tissue by day 21, suggesting
ongoing transport from the intestine. Notably, even by day 35 post-infection, encapsulation in 7richinella
spiralis was not observed in mice [32].
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Serine protease can be expressed at high levels in encapsulated species (such as 7. spiralis, T. nativa,
T. britovi, and T. nelsoni) but at lower levels in non-encapsulated species (e.g., T. pseudospiralis) [33].
Previous studies have shown that both ES-Ag and S-Ag detect infection between days 8 and 14, with
recombinant antigens exhibiting similar sensitivity [33, 34, 36]. However, recombinant antigens offer
significantly higher specificity, and the more straightforward and standardized production process
compared to ES-Ag and S-Ag makes them a preferable alternative for diagnostic applications.

In the present study, the recombinant rTsp-LE antigen demonstrated its diagnostic potential across
three animal species (mice, rabbits, and pigs), with average antibody titers of 1:570, 1:2260, and 1:800,
respectively. In comparison, when ES-Ag and S-Ag were used, the mean titers were much higher:
1:20480 for ES-Ag and S-Ag in rabbits, and 1:6400 and 1:3940 for pigs, respectively. These findings
suggest that the recombinant 11 kDa T. spiralis antigen could serve as a viable alternative to ES-Ag and
S-Ag for diagnosing trichinellosis. Additionally, no significant difference in antibody detection rates
was observed when sera from mice infected with 7. nativa were tested using the recombinant antigen,
and there was no cross-reactivity with sera from Echinococcosis-infected animals.

According to the literature, antibodies are typically detectable 4-6 weeks after humans are infected
from wild animals. A diagnostically significant result is a fourfold or greater increase in antibody titers
in paired sera collected 14-20 days apart. Antibody levels peak between the 2nd and 4th months post-
infection and then gradually decline, but can persist for up to 10 years or longer [34].

Garkavi et al. reported that in experimentally infected mice, total antibody concentrations peak at 6
weeks and again at 2-3 months, with IgM peaking on days 30 and 90, and IgA peaking on days 90 and
120 post-infection [35].

The recombinant serine protease protein has recently been actively studied as a component
in vaccination. Mice vaccinated with the purified rTspSP-1.3 protein [36] showed an average 39%
reduction in muscle larval load compared to the control group.

Recombinant rTsSP protein combined with cholera toxin subunit B (CTB) [37] induced a significant
intestinal local sIgA response and a systemic TsSP-specific antibody response in vaccinated mice.
Moreover, an increased number of goblet cells, acid mucins, and IgA-secreting cells were observed in
the small intestine of vaccinated mice. Immune serum against rTsSP specifically recognized the cuticle
of various stages of the worm, including muscle larvae, intestinal infective larvae, and adult worms.
Vaccinated mice showed a 71.10% reduction in adult worm numbers at 9 dpi and a 62.10% reduction in
muscle larvae at 42 dpi. Furthermore, rTsSP vaccination also inhibited the development of intestinal 7.
spiralis and reduced female fecundity.

These findings align with the study by Wang L. et al., who examined the 31 kDa antigen of T.
spiralis and observed a slightly lower result compared to ES-Ag, with ELISA sensitivity and specificity
0t 96.67% and 96.87% for the recombinant protein, versus 100% and 98.44% for ES antigens [13]. In a
study of four recombinant antigens for Trichinella, the r-P1 protein detected antibodies as early as 8 dpi,
followed by the r-P2, r-P3, and r-P4 proteins at 10, 14, and 16 dpi, respectively, with antibody levels
remaining elevated up to 45 dpi [38]. Similarly, the recombinant serine protease of 7. spiralis (rTsSP-
ZH68) was recognized by sera from infected mice at 8-10 dpi and by sera from early trichinellosis
patients at 19 dpi [39].

The recombinant protein rTsp-LE, developed in this study, showed its effectiveness in detecting
infection in experimentally infected animals. This antigen demonstrates promise not only for the
development of ELISA-based diagnostic tests but also as a potential component for vaccines aimed at
reducing the invasive load in animals.

Detection of the intestinal stage of 7. spiralis on the 7th day post-infection (dpi) allows for the
early identification of antibodies, enabling detection of the disease at an early stage. The studied
recombinant protein demonstrates high diagnostic value, showing reliable results as early as after the
third immunization. The absence of cross-reaction with echinococcosis, along with the ability to detect
antibodies to 7. nativa, supports the potential use of this protein in the development of an ELISA test.
Future studies should focus on exploring the use of this protein not only in diagnostic applications but
also as a component of a vaccine, or independently, to reduce the parasitic load during infection.

10
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