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ARTICLE INFO ABSTRACT

Keywords: Porcine epidemic diarrhea virus (PEDV) causes immensely large economic losses worldwide in the swine in-
Tonisity dustry. PEDV attacks the intestine, disrupts intestinal epithelium morphology and barrier integrity, and results in
PEDV

profound diarrhea and high mortality. A commercially available isotonic protein solution (IPS) (Tonisity Px) has
anecdotally been reported to be effective in supportive treatment of piglets with active PEDV infections. This
study evaluated the effects of supplementing (or not) the drinking water of 14 day old PEDV-infected piglets with
the IPS on the content of E-cadherin, fibronectin, interferon-alpha (IFN-a), and matrix metalloproteinase 9
(MMP-9) in duodenal tissue. The content of PEDV DNA in feces was also measured. Though both groups had
similar PEDV shedding at day 1, IPS piglets had significantly lower PEDV shedding at day 5, 14 and 21. The IPS
group also had a shorter duration of PEDV virus shedding.

Levels of E-cadherin and fibronectin, both of which are structural proteins in the intestine, remained un-
changed from baseline in the IPS group, whereas the same molecules decreased significantly in the control group.
IFN-a, an antiviral cytokine, and MMP-9, an enzyme that aids in tissue remodeling, were increased at days 5 and
14 post infection, and then decreased at day 21 post-infection in the IPS group compared to control.

Overall, the IPS used in this study enhanced epithelial intercellular adhesion (E-cadherin) and extracellular
matrix structure (fibronectin), resulted in significantand favorable changes in MMP-9 activity, and favorably
modulated IFN-a production.

This is the first report of this panel of biomarkers, especially MMP-9 and IFN-q, in the face of in vivo PEDV
infection. This is also the first report to investigate a commercially available swine product that does not need to
be administered in solid feed, and that is already registered for use throughout Asia, Europe, South America, and
North America.

Overall, the results of this study serve to clarify the behavior of 4 key biomarkers in the presence of in vivo
PEDV infection. The results also indicate that IPS (Tonisity Px) supplementation is a viable intervention to
modulate the porcine intestinal immune response with favorable effects on the intestine.

isotonic
cell adhesion
intestinal barrier

1. Introduction Wood, 1977). Porcine epidemic diarrhea (PED) has been reported in pig
industries worldwide over the last 30 years with extremely high mor-

Porcine epidemic diarrhea virus (PEDV), an Alphacoronavirus, was tality rates across Asian, American, and European countries (Liu and
first identified in England and Belgium (Pensaert and de Bouck, 1978; Wang, 2021). The economic losses to the swine industry are significant.

Abbreviations: CoV, Coronavirus; DSAEU, Dnipro State Agrarian and Economic University; Dpi, days post infection; ECL, enhanced chemiluminescence; ECM,
extracellular matrix; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFN-a, interferon-alpha; IPS, isotonic protein solution; LS, least squares; NS, non statis-
tically significant; MMP-9, matrix metalloproteinase 9; PAGE, polyacrylamide gel electrophoresis; PBST, phosphate buffer saline + Tween-20; PEDV, Porcine
epidemic diarrhea virus; WB, Western Blot.
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PEDV causes a highly contagious enteric disease characterized by
severe symptoms, including vomiting, watery diarrhea, and dehydration
(Li et al., 2020). Both in vivo and in vitro results have shown that PEDV
mainly targets the enterocytes of the small intestine and the infection is
usually accompanied by a substantial atrophy of the intestinal epithe-
lium (Shen et al., 2020; Wu et al., 2019; Zong et al., 2019). PEDV also
disrupts the expression of cell adhesion molecules (Jung et al., 2015).
The adhesion between enterocytes is maintained by several protein
systems including tight junctions, adherens junctions, and desmosomes
(Schlegel et al., 2010). Although the most critical effects of PEDV
infection are the disruption of intestinal water and nutrient uptake,
permeability, and barrier function (Shen et al., 2020), the molecular
mechanisms of intercellular and cell-lECM adhesion by which PEDV
exerts such effects are complex and not fully understood (Jung et al.,
2015; Luo et al., 2024; Qin et al., 2023; Ruedas-Torres et al., 2024; Zhou
et al., 2021; Zong et al., 2019).

Pigs of all ages can be infected with PEDV but piglets aged four weeks
or less are extremely susceptible to PEDV infection (Thomas et al., 2015)
with a mortality rate that can reach up to 100% (Kikuti et al., 2022).
Multiple pathologies, including the destruction of intestinal villi,
reduction of mucins, loss of epithelial and goblet cells, and unbalanced
digestive enzymes have been observed in piglets infected with PEDV.
This damage results in intestinal hemorrhage, malabsorption, and
dyspepsia (Curry et al., 2017; Jung et al., 2020, 2015; Jung and Saif,
2015). Moreover, the observed morphological abnormalities lead to the
disruption of intestinal barrier integrity, allowing for increased intesti-
nal permeability to bacteria and toxins, which leads to co-infections that
aggravate the symptoms of PEDV infection (Jung et al., 2020).

The prevention of PEDV infection relies mainly on vaccination and
antiviral agents. Despite the massive application of attenuated vaccines,
highly virulent PEDV strains are still present and causing significant
economic losses to swine producers in many countries (Jung and Saif,
2015). Various antiviral agents, such as Lactobacillus plantarum, milk
proteins, hypericin (an extract of the St. Johns wort plant) have all been
studied in vitro (J. Zhang et al., 2021a; Y. Zhang et al., 2021b).

In vivo +/- in vitro studies have also been performed on N-acetyl
cysteine, puerarin (an extract of the Chinese herb Gegen) 25-hydroxy
vitamin D3, bis-benzylisoquinolone and aqueous extract of Aloe sp.
(Dong et al., 2022; Wang et al., 2017; Wu et al., 2021; Xu et al., 2020;
Yang et al., 2019). These have been shown to alleviate the pathophys-
iologic effects of PEDV. However, the use of these substances in
large-scale commercial swine production has not been reported. To the
best of the authors’ knowledge, none of them except Vitamin D3 is
widely approved as a feed additive for swine.

A widely available isotonic protein solution (IPS) known as Tonisity
Px has been shown to reduce pre-weaning mortality in normal, healthy
pigs under commercial conditions (Buzoianu and Firth, 2023), and also
to improve the microbiome profile of the pre-weaning pig (Buzoianu
et al., 2020). The manufacturer has received anecdotal reports of swine
producers using the IPS to successfully support young pigs in a PEDV
outbreak. Tonisity Px is unique in that it is delivered as a supplementary
liquid drink that is consumed voluntarily, in a manner somewhat similar
to milk replacer. This means that it can be used even in neonatal pigs
who are still primarily dependent upon suckling the sow’s milk.

The aim of this study was to examine the effect of the aforementioned
IPS on the modulation of the immune response and the intestinal tissue
adhesion of PEDV-infected piglets. This was achieved by analyzing the
levels of structural proteins (E-cadherin and fibronectin), the production
of the antiviral cytokine interferon-alpha (IFN-a), and the activity of
matrix metalloproteinase 9 (MMP-9), an enzyme that aids in tissue
remodeling and also participates in the initiation of pro-inflammatory
responses. These four biomarkers are considered to be key indicators
of intestinal integrity and intestinal immune response (Alvarado et al.,
2008; Dalton and Lemmon, 2021; Gierynska et al., 2022;
Gonzalez-Navajas et al., 2012; Jung and Saif, 2015; Li et al., 2019;
Sumagin and Parkos, 2015).
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2. Materials and methods
2.1. Ethical considerations

Animal studies were conducted within the framework of the "General
Ethical Principles of Animal Experiments”, which have been approved
by the National Congress of Bioethics held in Kyiv in 2001, and in line
with the provisions of the European Convention for the Protection of
Vertebrate Animals used for experimental and other scientific purposes
(ETS No. 123; https://www.coe.int/en/web/cdcj/laboratory-animals).
All experimental protocols were approved by the Institutional Animal
Care and Use Committee of Dnipro State Agrarian and Economic Uni-
versity (DSAEU), Ukraine (Protocol No. 17-012022).

2.2. Animals and study design

Conventionally reared mixed-gender Landrace x Pietrain piglets
were obtained from a commercial pig farm and transferred to the animal
house of DSAEU at 14 days of age. All study procedures were carried out
during 2022-2023 in the Biosafety Center of DSAEU. Two groups of 16
piglets each were established: a control and an experimental group.
Piglets in each group were initially 14 days old and weighed 3.9 £+
0.38 kg on average. The piglets of both groups received milk replacer
and standard pre-starter compound feed. Piglets of both groups were
allocated to individual pens with a slatted floor, each equipped with a
drinker, a feeder, and an infrared lamp. The piglets were acclimated for
2 days before the onset of the study. During the entire trial period, there
was no direct contact between individual piglets. Treatment groups
were in separate rooms. All 32 piglets were confirmed negative for the
PEDV (using PCR, as outlined below in Section 2.6) and for the absence
of specific PEDV immunoglobulin G in blood serum pre-inoculation (day
0). The detection of PEDV-specific IgG in the serum of piglets was car-
ried out via ELISA using an ELx800 Absorbance Microplate Reader
(BioTek, USA) and an «ID Screen® PEDV Indirect» kit («ID», France). A
titer of 1:10 was used according to manufacturer’s instructions.

A PEDV epizootic strain previously isolated from a Ukrainian swine
farm (Masiuk et al., 2019) was used for inoculation. The virus prepa-
ration containing 500—1000 virions (Masiuk et al., 2019; Schumacher
et al., 2016; Thomas et al., 2015) per animal was orally administered to
piglets of both groups using a syringe connected to a 10 cm length
orogastric tube immediately after the acclimation period. This was
considered to be day 0 of the study period.

The piglets in the treatment group were provided with 120 mL/pig/
day of a 3% IPS (Tonisity Px, Tonisity, Ireland) starting from day 0. The
3% concentration is the manufacturer’s recommended concentration
which ensures an isotonic solution of ~ 300 mOsm/l. The IPS was
poured into a shallow, circular drinking pan once daily. The pan was
placed in an easily accessible area of each pig’s pen. Previous studies
have shown that even neonatal piglets will consume the IPS voluntarily
(Firth et al., 2017a) and that approach was used in this study. Tonisity
Px is a patented formulation that contains a combination of dextrose,
sodium chloride, potassium chloride, monosodium glutamate, mono-
sodium phosphate, xanthan gum, glutamic acid, glycine, citric acid, and
whey.

Piglets in both groups were randomly further subdivided into four
subgroups of four piglets, each corresponding to the time at which they
were euthanized: 1 (20 hours post-inoculation), 5, 14, and 21 days-post-
inoculation (dpi) of PEDV. At each time point, duodenal tissue was
collected from each piglet for western blot (WB) and zymography ana-
lyses. Quantitative real-time PCR (RT-qPCR) analysis was carried out on
fecal samples taken from each euthanized piglet in each subgroup at
each time point to detect PEDV.

2.3. Preparation of samples for protein content analyses

Freshly isolated duodenum tissue samples (1.5-2 cm from mid-
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duodenum; n = 4 from each subgroup) were placed in liquid nitrogen
and homogenized in 50 mM Tris-HCI (pH 7.6) containing 0.15 M NaCl,
1% sodium dodecyl sulphate, 2 mM ethyleneglycoltetraacetic acid,
2.5 mM ethylenediaminetetraacetic acid, 6.5 pM aprotinin, 1.5 pM
pepstatin A, 22 pM leupeptin, 1 mM phenylmethylsulfonyl fluoride,
5 pg/mL soybean trypsin inhibitor, and 1 pM sodium orthovanadate
(tissue:buffer, 1:10, w/v). The homogenates were sonicated three times
for 30 s each using an ultrasonic disintegrator and then centrifuged at
20,000 x g for 30 min at 4 °C. The supernatants were mixed with
Laemmli sample buffer (1:1), supplemented with 0.1 M dithiothreitol,
and boiled for 5 min to obtain protein samples. Protein concentration in
each duodenum tissue lysate was determined spectrophotometrically
using the Bradford protein assay (Bradford, 1976). Briefly, protein ex-
tracts were diluted (1:5) in 50 mM Tris-HCI (pH 7.6) and vortexed. The
diluted protein sample (2 pL) was then added to a tube containing 1 mL
of Bradford dye reagent (Quick Start™ Bradford 1x Dye Reagent; Bio-
Rad Laboratories, Hercules, CA, USA). The solution was vortexed and
incubated for at least 5 min at room temperature before absorbance
determination at 595 nm. A 50 mM Tris-HCI solution was used as the
blank and bovine serum albumin was used to prepare the standard curve
of absorbance from which protein was quantified. Protein samples were
frozen and stored at —20 °C until further analyses as detailed below.

2.4. Western blots (E cadherin, fibronectin, IFN-a)

Protein samples (50 pg/track) were run in 5-20% denaturing poly-
acrylamide gel electrophoresis (PAGE) for 4 h and then transferred onto
polyvinylidene fluoride membranes (GE Healthcare, Chicago, IL, USA)
with a pore diameter of 0.45 pm. Then, membranes were blocked with
3% (w/v) non-fat dried milk for 90 min at 37 °C and probed with anti-E-
cadherin (sc-8426, 1:1000), anti-fibronectin (sc-8422, 1:1000) (both
Santa Cruz Biotechnology Inc., Dallas, TX, USA), anti-IFN-a (ab191903,
1:3000), or anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH,;
ab8245, 1:5000) (both Abcam, Cambridge, UK) antibodies diluted in
phosphate buffer saline containing 0.05% Tween-20 (v/v) (PBST), ac-
cording to the manufacturers’ recommendations. Primary antibodies
were diluted in PBST and used at final concentrations > 1 pg/mL.

After overnight incubation at 4 °C, membranes were washed five
times with PBST and then incubated with anti-mouse (Abcam, ab6789)
horseradish peroxidase-conjugated secondary antibody diluted in PBST
for 60 min. Membranes were then washed in PBST three times. This was
for the detection of E-cadherin, fibronectin and GAPDH. Using the same
protocol, samples were incubated with anti-rabbit antibody (Abcam,
ab205718) for the detection of IFN-a. The anti-mouse and anti-rabbit
antibodies were internally validated to detect porcine E-cadherin,
fibronectin, IFN-a and GAPDH (unpublished results).

The WB results were visualized using enhanced chemiluminescence
(ECL). Densitometric analysis of the developed films was performed
with TotalLab TL120 (https://totallab.com/) and normalized to the in-
tensity of the respective bands obtained for the house-keeping marker
GAPDH. Each trace was corrected for background noise by subtracting
the non-reactive area trace on the blot. Antigens of various molecular
weights were identified by extrapolation of plots to pre-stained protein
markers of known molecular weight (PageRuler™ Prestained Protein
Ladder; Fermentas, Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Zymography (MMP-9)

The gelatinolytic activity of MMP-9 was estimated by substrate
gelatin zymography. Protein extract samples were first separated by
sodium dodecyl sulfate (SDS)-PAGE (0.5 % SDS, 7.5 % PAGE, and 0.1 %
gelatin) for 3 h. The gel was then washed with 2.5 % Triton X-100 buffer
to remove the SDS. To develop the MMP-9 enzymatic activity, the gel
was incubated in a buffer (pH 7.5) containing 50 mM Tris-HCI, 10 mM
CaCly, 1 pM ZnCl,, and 200 mM NaCl at 37 °C for 20—24 h. Then, the gel
was stained with 0.05% Coomassie brilliant blue R-250 dissolved in 40%
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methanol and 7.5 % acetic acid. Gel de-staining was carried out in a
20 % methanol and 7.5 % acetic acid solution to visualize the clear zones
corresponding to local gelatin lysis, which indicated the presence of
MMP-9 activity (Hanifeh et al., 2014). MMP-9 activity was estimated
through the polypeptide bands detection for pro-MMP-9 and active
MMP-9 with MW 95 kDa and 80 kDa respectively.

2.6. Quantitative RT-PCR for PEDV quantification

Feces collected from each euthanized piglet at each timepoint on
rectal swabs were homogenized for 5 min (FastPrep-24™; MP Bio-
medicals, Irvine, CA, USA) using quartz beads and a lysis buffer (ATL
Buffer; Biosellal, Dardilly, France). Two hundred microliters of each
sample were used to extract nucleic acids with the BioExtract® Premium
Mag (Biosellal) kit and an automatic extractor (KingFisher™ Duo, USA).
The amount of cDNA in each sample was detected using the oneMIX &
PEDV kit (Exopol, Zaragoza, Spain), and the qRT-PCR was carried out in
the CFX 96 system (Bio-Rad Laboratories, USA) following the in-
structions of the oneMIX & PEDV kit. Briefly, the reaction started with
reverse transcription (15 min at 45 °C), followed by reverse transcrip-
tase inactivation and polymerase activation (95 °C for 5 min). This was
followed by amplification, which consisted of 42 cycles of gradual
temperature changes between denaturation (95 ° C for 15 seconds) and
hybridization/elongation (60 ° C for 1 min). Every step was performed
according to the manufacturer’s recommendation.

All samples, including negative controls, were analyzed in triplicate.
PCR efficiency (E) and correlation coefficients of standard curves were
assessed in the 89.20-111.00 % range. A relatively high index of linear
dependence was observed (0.988—0.999). The sensitivity limit for the
qRT-PCR was 10-100 cDNA copies. Standard curves were constructed
by 10-fold serial dilutions of a known copy number of PEDV cDNA
positive control to verify the linearity and dynamics of the qRT-PCR.
Results were analyzed using the CFX Manager software (Bio-Rad Labo-
ratories), and E was estimated as E = (10‘1/slope) - 1.

2.7. Statistical analyses

The data were analyzed using a Generalized Linear Mixed Model
within SAS 9.4 (SAS Inst. Inc., Cary, NC), as recommended for non-
normally distributed data (Stroup, 2015). Treatment, day, and their
interaction were included as main effects in the model. The SLICE option
was used to test for treatment effects at each time point. Data were
transformed within the model using a link function to facilitate analysis
and were transformed back to the original data scale for presentation of
the results. P-values were corrected for multiple comparisons using the
Tukey-Kramer adjustment. Data are presented as least squares means
and their 95% confidence intervals. Significance was reported for P <
0.05. For all response criteria, the individual pig was the experimental
unit.

3. Results
3.1. Clinical symptoms

All pigs developed diarrhea after PEDV inoculation. Blood was not
grossly observed in the feces.

3.2. IPS consumption
All 16 piglets in the IPS group consumed the product voluntarily and

quickly each day, verified by visual confirmation of the empty drinking
pans.
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3.3. Western blot results

3.3.1. E-cadherin
Compared to the control group, the E-cadherin content was signifi-
cantly higher in the IPS group on days 14 and 21 (Fig. 1; P<0.05).
During the study period, E-cadherin did not change significantly over
time in the IPS group (Fig. 1). However, the E-cadherin content was
significantly lower for the control group on days 14 and 21 post-
infection compared to day 1 (Fig. 1).

3.3.2. Fibronectin

Compared to the control group, the fibronectin content was signifi-
cantly higher in the IPS group on days 14 and 21 (Fig. 2; P<0.05).

During the study period, fibronectin did not change significantly
over time in the IPS group (Fig. 2) and never reached lower than 90 % of
the baseline level. However, the fibronectin content was significantly
lower for the control group on days 5, 14 and 21 post-infection
compared to day 1 (Fig. 2).

3.3.3. IFN-a

Compared to the control group, the IFN-a content was significantly
higher in the IPS group at day 5 and 14 (P<0.05) and significantly lower
(P<0.05) on day 21 (Fig. 3).

During the study period, IFN-« increased significantly from baseline
at day 5 and then again at day 14. IFN-a then significantly decreased
from day 14 to day 21 in both groups (P<0.05; Fig. 3).

3.3.4. Western Blots
The images of the Western Blots are presented in Fig. 4 below.

3.4. Zymography - MMP-9 activity

Compared to controls, the active form of MMP-9 (80 kD protein) was
significantly higher on days 5 and 14 and significantly lower on day 21
in the IPS group (P<0.05) (Fig. 5).

During the study period, MMP-9 significantly increased from base-
line at day 5 in both groups. At day 14, MMP-9 levels were slightly
decreased but were still significantly increased from baseline (P<0.05).
By day 21, MMP-9 levels had decreased to baseline in the IPS group but
remained significantly elevated in the control group (P<0.05; Fig. 5).

3.5. Quantitative RT-PCR for PEDV quantification

Both groups had statistically similar levels of PEDV at day 1. IPS pigs
had a significantly lower PEDV load at all subsequent time points, with
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Fig. 1. Relative content (%; LS means and 95 % confidence interval) of E-
cadherin in the duodenum of PEDV-infected piglets (n = 4 piglets/treatment/
sampling day). *(P<0.05); NS (P>0.05) indicate differences between treatment
groups at the same time point; Different superscripts indicate differences be-
tween dpi, separately for each of the treatment groups (*™%¢ Control; “*¥:
“ IPS).
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in the duodenum of PEDV-infected piglets (n = 4 piglets/treatment/sampling
day). *(P<0.05); NS (P>0.05) indicate differences between treatment groups at
the same time point; Different superscripts indicate differences between dpi,
separately for each of the treatment groups @>4 Control; WY IPS).

no detectable PEDV at day 21 (P<0.05; Fig. 7).

During the study period, the PEDV load significantly decreased from
baseline by day 14 and decreased further at day 21 in both treatment
groups (Fig. 7).

4. Discussion
4.1. Overview

This study evaluated the effects of PEDV infection on the levels of E-
cadherin, fibronectin, IFN-a, and MMP-9. E-cadherin and fibronectin are
structural proteins, while IFN-a and MMP-9 are immune mediators. All
four of them are involved in intestinal barrier maintenance and the
immune response to viral infections. To the best of the authors’
knowledge, this is the first report of this panel of biomarkers’ activity in
the face of in vivo PEDV infection.

This study also evaluated the effect of a commercially available IPS
on the same parameters. As mentioned in the introduction, though there
are various studies of individual substances on immunomodulation in
PEDV, this is the first report to investigate a commercially available
swine product that is already registered for use throughout Asia, Europe,
South America, and North America.

The dose of PEDV (500-1000 virions per pig) used in this study was
based on previous reports in the literature (Masiuk et al., 2018; Schu-
macher et al., 2016; Thomas et al., 2015). The dose will reliably create
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PEDV clinical signs without causing death of the study subjects. All
piglets in this study developed moderate symptoms of PEDV, namely
diarrhea. While our results were obtained on a small sample size, the
results clearly show that PEDV was indeed present, active and impacting
the biomarkers. Measurable and statistically significant changes were
seen over time and between the IPS group and controls.

4.2. Biomarkers

4.2.1. E-cadherin
E-cadherin is a component of adherens junctions in epithelial layers.
It contributes to intercellular adhesion by interacting with the

cytoskeleton structures inside cells (Coopman and Djiane, 2016). Levels
of E-cadherin have been reported to decrease when intestinal integrity is
compromised (Sumagin and Parkos, 2015). Previous studies have
investigated the modulation of specific adhesion proteins in intestinal
cells infected with PEDV (Chen et al., 2022; Jung et al., 2015; Liu et al.,
2020).

Being a structural protein, E-cadherin levels will change rather
slowly, in days rather than hours. After an insult, E-cadherin levels will
decrease. The time to measured response is expected to be at least 3-5
days. In this study, E-cadherin in the control group was significantly
decreased from baseline by day 14 and stayed decreased to day 21. This
result is in broad agreement with that of Jung et al. (2015) who showed
a downregulation of E-cadherin in the jejunum of piglets at 10 days after
infection with PEDV.

In contrast, the E-cadherin content in the IPS group did not signifi-
cantly decrease from baseline over the 21-day study period. Further-
more, E-cadherin levels in the IPS group were also significantly higher
than control on days 14 and 21. This result suggests that the IPS has a
favorable influence on the preservation of E-cadherin.

4.2.2. Fibronectin

Fibronectin is another structural protein involved in the adherence of
intestinal cells to the basement membrane and ECM (Dalton and Lem-
mon, 2021). Fibronectin also participates in cell proliferation and
migration (Gagné et al., 2010) and in the protective mechanisms against
gut injury by inhibiting apoptosis (Niederlechner et al., 2012). Like
E-cadherin, increased fibronectin levels indicate less tissue damage and
faster repair.

Similar to the results seen for E-cadherin, fibronectin levels in the IPS
group did not significantly change from baseline over the 21-day study
period. This was in contrast to the control group, in which fibronectin
levels had decreased significantly from baseline by day 5 and remained
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significantly decreased for the entire study period.

The downregulation of fibronectin content observed in the duo-
denum of control piglets (Fig. 2) appears to be the direct result of virus-
induced disturbances but could also have been caused by the signifi-
cantly enhanced activity of MMP-9 (Fig. 5) as discussed in the next
section.

4.2.3. MMP-9

MMP-9 is one of a family of zinc-dependent endopeptidases. MMPs
as a family have a wide variety of roles, including proteolysis and
cytokine activation, both of which impact intestinal permeability and
activate immune responses (Van Spaendonk et al., 2017; Xiao et al.,
2022). They are upregulated and secreted from a wide variety of im-
mune cells, including neutrophils, macrophages and fibroblasts in
inflammation (Yabluchanskiy et al., 2013). MMP-9 degrades the ECM
and stimulates cell migration, thus aiding in tissue repair and remod-
eling (Bonnans et al., 2014; Cui et al., 2017; Garg et al., 2009). As tissue
structure normalizes, MMP-9 levels will decrease.

In this study, both groups had peak MMP-9 levels at day 5, with the
IPS group having significantly higher levels than controls. This could be
interpreted as evidence of ongoing tissue remodeling and repair. By day
14, MMP-9 levels had decreased significantly from day 5 levels in the
Control group, but not the IPS group. The MMP-9 levels in IPS piglets
had returned to baseline by day 21. Conversely, MMP-9 levels in the
control piglets were still significantly increased from baseline at day 21,
indicating that some tissue remodeling was still occurring in control
pigs. This suggests that tissue remodeling and a return to a “normal”
homeostatic state occurred more quickly in the IPS group.

One possible limitation of this study was the fact that levels of MMP-
2, another important enzyme in tissue remodeling, were not reported.

MMP-2 has been studied in vitro in various porcine tissues such as
mesenchymal stem cells (Almalki et al., 2017) and fibroblasts (Lafuma
et al., 1994). It has also been studied in vivo in porcine follicular cysts
(Grzesiak et al., 2022) and myocardium (Danielsen et al., 1998). MMP-2
activity in the intestinal cells could be investigated in future studies.
However, to the best of the authors’ knowledge, this is the first report of
MMP-9 modulation in the presence of in vivo PEDV infection.

4.2.4. IFN-a

IFN-a is a cytokine which can have both pro-inflammatory and anti-
inflammatory effects, depending upon the interplay of other mediators.
In the initial stages of inflammation, IFN-a has a pro-inflammatory ef-
fect, but then exerts anti-inflammatory effects during the repair phase.
IFN-a is used as a biomarker of immune activation and has a rather
volatile response time, within hours.

The present study clearly showed upregulation of intestinal IFN-o
production in the presence of in vivo PEDV infection, starting within the
first 5 days post-infection. Peak levels of IFN-a were reached at day 14 in
both study groups. The IPS group showed a markedly more rapid ac-
celeration and then deceleration of IFN-a levels (Fig. 3). IFN-a levels in
the IPS group were also significantly higher than control group at day 5
and day 14, but significantly lower at day 21. The day 21 result could be
interpreted that the IPS group returned to a state of reduced inflam-
mation by that time.

Although the antiviral activities of porcine IFN-lambda 3 (A3) have
been reported in PEDV-infected cells (Li et al., 2019) and for other
enteropathogenic viruses (Van Winkle et al., 2022), this is the first
report of the activity of porcine IFN-« in the presence of in vivo PEDV
infection.

4.3. PEDV shedding and correlation with immune response

The results presented here show that the PEDV excretion period was
significantly shorter in the IPS group. By day 21, PEDV was no longer
detected in the feces of the IPS piglets but was still present in the control
group. The mechanism by which this occurred certainly warrants further
investigation.

The biomarker results in this study suggest that IPS supplementation
reduced the tissue damage, modulated the immune response, and
accelerated tissue recovery, as evidenced by the trajectories of E-cad-
herin, fibronectin, IFN-o and MMP-9. PEDV levels were highest on day 1,
and only reached a significant decrease from that peak on day 14 in both
groups. The period between day 14-day 21 is also when the immune
mediators IFN-o and MMP-9 decreased significantly. These results are
congruent with each other.

4.4. Possible mechanisms

The positive effect of the IPS on the intestinal structure biomarkers
and immune mediators as seen in this study is congruent with the in vivo
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effects obtained in healthy pigs fed the same IPS. Previous work has
reported improvements in the microbiome, intestinal architecture and
production gains (reduced mortality and improved weights) (Buzoianu
et al., 2020; Buzoianu and Firth, 2023; Cortyl et al., 2019; Firth et al.,
2017b).

The precise mechanism(s) by which IPS contributed to the effects
seen in this in vivo study of PEDV infection are an intriguing area for
further investigation. The effects on intestinal cell adhesion markers
could be the result of an enhancement of enterocyte function, since the
IPS used in this study has been specifically formulated to support
enterocyte metabolism. The IPS may also contribute to improved
epithelial structure, since it has been demonstrated previously that IPS
feeding improves villus height in pigs (Firth et al., 2017b). It is also
possible that indirect effects via the intestinal microbiome could have a
role. The same IPS that was used in this study showed a beneficial effect
on intestinal microbiota abundance in piglets aged 9-30 days (Buzoianu
et al., 2020). The protective effect of the IPS is probably multi-factorial
and warrants further investigation.

4.5. What lies ahead?

The main challenges in the control and treatment of PEDV include
the high morbidity and mortality rates in naive herds, the persistence of
the virus, and the lack of effective vaccines. Measures to alleviate the
impact of PEDV on swine production are generic and indirect, such as
improved biosecurity, diagnostics, surveillance, and management
practices. As mentioned in the introduction, numerous substances have
been investigated for their ability to reduce the pathology or severity of
PEDV infection. The efficacy of all aforementioned compounds is not
fully understood, and neither are the precise molecular mechanisms by
which they suppress the pathophysiology of enteric CoVs such as PEDV.
That in itself is not an issue — what matters is efficacy in vivo and
availability to swine producers around the world. Any proposed sub-
stances need to be evaluated under commercial conditions for dosage,
taste, and economic viability in large-scale systems. Also, for a proposed
ingredient or substance to be used in commercial swine production, it
must be registered as an approved swine feed additive or supplement in
each country or regulatory jurisdiction.

This study used a commercial, widely available IPS product that
could be useful in active infection scenarios. The product appeared to be
highly palatable and was readily drunk by the piglets, even though they
were only 14 days old at the beginning of the study. The dose of IPS used
in this study was 120 mL/day for a 4 kg pig. This dose was extrapolated
from the manufacturer’s recommendations to use approximately
40 mL/day for a healthy neonatal pig weighing about 1.5 kg. Swine
producer reports from Taiwan, Thailand and China (unpublished re-
sults) have used much higher volumes of the IPS in outbreaks of PEDV in
commercial production. It should also be noted that this particular IPS is
formulated to be administered in drinking water, instead of being mixed
with solid feed. This feature is particularly relevant to very young piglets
who may not yet be accustomed to solid feed.

5. Conclusion

Our study shows that IPS supplementation appears to be a valid
strategy to support intestinal integrity, modulate the immune response,
accelerate epithelial tissue repair, and potentially decrease the duration
of PEDV virus shedding. There is certainly opportunity for further
investigation of the cellular mechanisms by which such effects occur.
The IPS used in this study is a swine feed product registered for use in
over 40 countries and is therefore potentially useful to commercial
swine producers. Further large-scale in vivo studies would be helpful in
establishing the impact of IPS supplementation on morbidity and mor-
tality in the face of PEDV outbreaks.
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