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Abstract

Controlling gut inflammation is important in managing gut disorders in the piglet after weaning. Establishing patterns

of inflammation markers in the time subsequent to weaning is important for future research to determine whether
interventions are effective in controlling gut inflammation. The objective of this study was to evaluate the intestinal
inflammatory response during the postweaning period in piglets. A 45-d study included 108 piglets (weaned at 22 d, body
weight 5.53 + 1.19 kg), distributed in 12 pens with nine pigs per pen. Histomorphometry, gene expression of pro- and anti-
inflammatory cytokines, and the quantity of immunoglobulin (Ig) A producing cells were measured in jejunum, ileum,

and colon on days 0, 15, 30, and 45 postweaning. Cytokine gene expression in peripheral blood mononuclear cells and Ig
quantities were analyzed in blood from piglets on days 0, 15, 30, and 45 postweaning. Histomorphometrical results showed
a lower villus length directly after weaning. Results demonstrated a postweaning intestinal inflammation response for at
least 15 d postweaning by upregulation of IgA producing cells and IFN-v, IL-1q, IL-8, IL-10, IL-12a, and TGF-f in jejunum,
ileum, and colon. IgM and IgA were upregulated at day 30 postweaning. IgG was downregulated at day 15 postweaning. The
results indicate that weaning in piglets is associated with a prolonged and transient response in gene expression of pro-
and anti-inflammatory cytokines and IgA producing cells in the intestine.
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Introduction structure and function (Pluske et al., 2018b). The GIT is
essential in the maintenance of health in animals. It contains
a large mucosal immune system and forms a physical barrier
that prevents toxic compounds and pathogens from entering
the intestinal mucosa and systemic circulation, while the GIT
simultaneously has a function for the uptake of nutrients. The
intestinal epithelium plays an active role in organ integrity
and body defense locally and systemically (Eckmann, 1995;
Pitman and Blumberg, 2000).

Research for new strategies that promote gastrointestinal
health in pigs is important because of an urgent need to
reduce antibiotic usage and minimize risk of bacterial
resistance against antibiotics, as part of the One Health
strategy currently demanded by consumers (Council of
the EU, 2016). Gastrointestinal health, or gut health, can
be described as a generalized condition of homeostasis in
the gastrointestinal tract (GIT), with respect to its overall
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Abbreviations

BW body weight

CDA canonical discriminant analysis
GALT gut associated lymphoid tissue
GIT gastrointestinal tract

Ig immunoglobulin

v intravenous

PBMC peripheral blood mononuclear cell
PCA principal component analysis
PCR polymerase chain reaction
PCV-2 porcine circovirus-2

TBS tris-buffered saline

Weaning is one of the most stressful events pigs will
face during their lifetime. Maternal separation is a major
stressor to the weaned piglet, and additional psychosocial
and immunological stressors increase the stress load during
this time (Pluske et al., 1997; Moeser et al., 2007). The timing
of commercial weaning (at ~21 d of age) also coincides
with a period of declining passive immunity from sow milk
contributing an additional challenge to the pig. Results of
several studies have demonstrated that weaning in pigs induces
a breakdown in intestinal barrier function characterized by
a significant decline in intestinal trans-epithelial electrical
resistance and increased permeability (Moeser et al., 2007a; Hu
et al., 2013). Compared with similar age, nonweaned littermate
pigs, weaned pigs exhibited increased intestinal permeability
that was most pronounced at 24 hr postweaning and then
gradually declined over the first 2 wk postweaning (Moeser
et al., 2007b). At the same time that epithelial barrier function
is disrupted, an upregulation of pro-inflammatory cytokines has
been reported indicating a robust activation of the GI immune
system following the process of weaning in piglets (McCracken
et al.,, 1999; Pié et al., 2004; Hu et al., 2013). Furthermore, studies
report the changes in the expression of inflammatory cytokines
in the intestine of humans and animals during enteric infection
and intestinal inflammatory diseases (Murtaugh et al., 1996;
McClane and Rombeau, 1999; Oswald et al., 2001). Both in vitro
and in vivo investigations show that uncontrolled production
of pro-inflammatory cytokines can negatively influence gut
integrity and epithelial functions, including permeability to
macromolecules and transport of nutrients and ions (McKay
and Baird, 1999). Along with disturbances in intestinal
permeability, there is also accumulating evidence for lasting
functional changes in the GI immune barrier function and
disease susceptibility to bacterial challenges such as Escherichia
coli (McLamb et al., 2013) and Streptococcus suis, which might
use the disturbance in paracellular tight junctions to get to the
blood stream, resulting in a septicemia (Swildens et al., 2004).

The gut mucosal immune system alone contains most of
lymphocytes in the body and has a greater concentration of
antibodies than other tissuesin the body (Burkey et al., 2009). One
of the strategies that the host utilizes to avoid an inflammatory
response against the microbiota is to use the intestinal barrier,
including the mucous layer and immunoglobulin (Ig) A, an
antibody isotype specialized in mucosal protection (Cerutti
and Rescigno, 2008; Gutzeit et al., 2014) and produced locally
by plasma cells present in the mucosal wall. The naive B-cell
precursor of an IgA-secreting plasma cell is activated in the
Peyer’s patches and mesenteric lymph nodes. Production of
IgA is controlled by cytokine-producing T-cells within the GALT
and by cytokine released from the mucosa. Within the GALT,
the Th, cytokines, interferon vy (IFN-y) and tumor necrosis

factor-f (TNF-f3), downregulate IgA production, whereas the
Th, cytokines, interleukin (IL)-4, IL-5, IL-6, and IL-10, upregulate
IgA production (Kramer et al., 1995; Ramsay, 1995; Stokes,
2017). A balance between Th, and Th, response is necessary
for maintaining normal IgA immune responses, with no
response in favor of the other. Peyer’s patches in the GALT are
rich in cytokines with IgA-inducing functions, including TGF-f
(Gonnella et al., 1998). IgA secreted into the gut lumen binds to
the layer of mucus coating the epithelial surface, and it prevents
the adherence of micro-organisms, as well as neutralizing their
toxins or enzymes.

The gastrointestinal immune system is geared toward
tolerance, in contrary to the systemic immune system,
and responds to intestinal content (microbiota and feed
components), and this reaction can lead to tolerance (e.g., for
commensal bacteria), or to a defense reaction (Niewold, 2015).
Controlling gut inflammation is important in managing gut
disorders in the piglet after weaning. Establishing patterns of
inflammation markers in the time subsequent to weaning
are important for future research to determine whether
interventions are effective in controlling gut inflammation.
In the GIT, use of nutritional strategies to prevent intestinal
inflammation caused by pathogenic enteric organisms is an
important pillar in health maintenance and can prevent the
requirement for antimicrobial intervention, as controlling
postweaning intestinal inflammation is important in managing
postweaning gut disorders in piglet. The objective of this
study was to evaluate the intestinal inflammatory response to
weaning in piglets.

Material and Methods

All the experimental procedures described in this research were
carried out under the welfare rules stated in R.D. 1135/2002 for
the protection of pigs and the trial was approved by the Bioethical
Committee of the University of Murcia (CEEA-OH 465/2018).

Animals, diet, and experimental design

This study was performed in the Swine Production Unit at the
Veterinary Teaching Farm of the University of Murcia (Spain).
A total of 108 piglets (Large White) were weaned at 22 + 3 d
of age with an average body weight (BW) of 5.53 + 1.19 kg and
male:female 1:1. Piglets were obtained from 12 different litters
from sows with average parity of 3.43. After weaning, all pigs
were randomly allotted to 12 pens, with 9 animals per pen (pen
size: 0.61 x 1.2 m). Pigs were housed in an environmentally
controlled unit with natural daylight for 45 d. The room
temperature was 25 to 27 °C. Pens were fully slated (plastic slat)
and were equipped with one nipple drinker (ad libitum) and
one 4 spaced-feeder. Piglets were routinely vaccinated against
porcine circovirus-2 (Porcilis PCV-2, MSD) at day 4 postweaning
and offered unmedicated feed or water.

A standard 2-phase experimental diet was produced at
a local feed mill (Pigalomar, Spain; Table 1). All diets were
pelleted (4 mm) and formulated to meet the current estimates
for nutrient growth requirements for nursery pigs (NRC, 2012).
Spray-dried plasma, antibiotics, and pharmaceutical levels of
zinc oxide were not included in the diets.

Clinical observations and sample collection

Individual BW was recorded at 18 hr postweaning (day 0), days
15, 30, and 45, and average daily gain was calculated. At day O,



Table 1. Composition of the experimental diets

Phase 1days Phase 2 days

Item 0to 14 15 to 45
Ingredients, %

Barley 29.98 25.00
Wheat 24.00 26.89
Corn 17.17 19.50
Soybean Meal 47 crude protein 6.00 16.83
Ca carbonate 0.45 0.61
Monocalcium phosphate 0.75 0.78
Soybean oil 3.50 3.67
Intestinal swine mucose hydrolyzate 2.50 0.00
Milkpowder 5.00 0.00
Fysal MP! 0.30 0.30
Salt 0.30 0.44
L-Valine (96.5%) 0.050 0.025
DL-Methionine (99%) 0.175 0.175
L-Lysine HCI (98%) 0.542 0.525
L-Threonine (98%) 0.258 0.250
L-Tryptophan (98%) 0.033 0.008
Protein concentrate? 6.00 2.00
TN Trouwmix 30 premix>? 3.00 3.00
Calculated content?, %

Dry matter 89.60 89.17
Net energy, kcal 2,559 2,549
SID lysine 1.15 1.17
SID methionine 0.405 0.406
SID methionine + cysteine 0.686 0.705
SID tryptophan 0.241 0.230
SID threonine 0.750 0.761
Crude protein 16.67 17.72
Crude fiber 2.98 3.14
Ash 4.72 4.74
Neutral detergent fiber 11.3 11.7
Sodium 0.24 0.22
Chloride 0.45 0.44
Calcium 0.55 0.59
Phosphorus 0.55 0.55
Copper, mg/kg (as SO,) 150 150
Manganese, mg/kg (as MnO) 50 50
Zinc, mg/kg (as ZnO) 105 105

Blend of free and buffered organic acids.

Gluten meal, extruded soybean meal, and potato protein.
*Vitamin and mineral premix provided the following per kilogram
of diet: vitamin A, 15,000 IU; vitamin D, 2,000 IU; vitamin E, 100 IU;
30 pg of vitamin B12; vitamin K, 2 mg; b-pantothenicacid 15 mg as
calcium pantothenate; 30 mg of nicotinicacid; choline, 150 mg as
betaine hydrchloride; Mn, 50 mg as manganese oxide; Zn, 105 mg
as zinc oxide; Fe, 100 mg as iron sulphate; Cu, 120 mg as copper
sulphate; I, 1.5 mg as potassium iodide; Se, 0.42 mg as sodium
selenite; 6-phytase 1500 FTU.

“Nutrient levels are calculated. SID means standardized ileal
digestible.

10 randomly selected piglets were euthanized using an overdose
of tiobarbital IV (50 mg/kg BW, Tiobarbital Braun Medical S.A,,
Barcelona, Spain) to obtain blood from the vena jugular and
intestinal tissue samples as a basal group. Prior to euthanasia, 10
mL blood per pig was collected into ethylenediaminetetraacetic
acid tubes (Vacutainer, Becton Dickinson, UK) from each sacrificed
pig. Subsequently, animals were similarly sacrified per complete
pen at day 15 (n = 26), day 30 (n = 34), and day 45 (n = 34) to
obtain blood and tissue samples. Peripheral blood mononuclear
cells (PBMCs) were isolated by Ficoll Histopaque gradient and
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preserved in RNAlater (Life Technologies) at —-80 °C after 24 hr
of refrigeration at 8 °C. Whole blood was centrifuged to isolate
serum and plasma (251 rcf, 10 min at room temperature), and
preserved at —80 °C until analysis. Tissue samples were obtained
from the ileum (5 cm adjacent to ileocecal valve), middle section
of jejunum and apex section of the spiral colon. All samples
included the full thickness of the organ. After being gently rinsed
in water, each sample was divided in two subsamples: 1 (40 mg)
was preserved in RNAlater (Life Technologies) and the other was
fixed in 10% buffered formaldehyde.

Sample analysis

Histomorphometrical and immunohistochemical analyses

Five photomicrographs from each section of jejunum and ileum
were taken with a Zeiss Axiocam 503 color (Carl Zeiss, Oberkochen,
Germany) coupled to a Zeiss Axioskop 40 microscope (Carl Zeiss,
Oberkochen, Germany), with 10x magnification. The height (tip to
villous-crypt junction) and crypt depth (from villus-crypt junction
to the base of villous) of villi were measured using the ZEISS
Efficient Navigation software (Carl Zeiss). Ten randomly selected
well-oriented intact villi and crypts were measured per piglet and
tissue. The mean villus height and crypt depth of each intestinal
section was calculated. The villus/crypt ratio was calculated
by dividing villus height by crypt depth. All morphometric
measurements were performed by the same researcher, who was
blinded to the treatments.

The avidin-biotin-peroxidase complex technique was used
for the detection of IgA producing cells in jejunum, ileum,
and colon tissue. Tissue sections fixed in formaldehyde were
processed routinely for histopathology. Briefly, the samples
were embedded in paraffin-wax and 5 um thick slides were
obtained. The samples were dewaxed and dehydrated with
graded ethanol and the endogenous peroxidase activity
was quenched in 3% H,0, in methanol for 30 min. Samples
were pretreated with 10% pronase in TBS (Sigma-Aldrich) for
antigen retrieval (12 min). Afterwards the samples were rinsed
in TBS for (3 x 5 min) and incubated for 30 min with 100 pL
of blocking solution per slide at 20 °C in a humid chamber.
Subsequently the samples were incubated for 1 hr at 37 °C
with the primary antibody (goat- anti-pig IgA, Bethyl) diluted
1:3,000 in TBS. The secondary antibody (biotin conjugate
rabbit anti-goat, Dako), diluted 1:300 in TBS, was incubated
for 30 min at 20 °C. The Vectastain Elite ABC kit (Vector) was
applied for 1 hr at 20 °C. Positive labeling was detected using
3,3’-diaminobenzidine tetrahydrochloride (Dako). Sections
were counterstained with Mayer’s haematoxylin, dehydrated
and mounted. The number of IgA producing cells in the
intestinal lamina propria was counted using a Zeiss Axioskop
40 microscope (Carl Zeiss) with a Spot Insight camera and
the Spot Advanced software (Spot Imaging Solution, MI).
Immunolabeled cells were counted in 10 non-overlapping
consecutive high magnification fields and expressed as
amount of cells/25.000 pm?.

Total serum Igs IgA, IgE, IgG, and IgM were quantified in blood
samples by Enzyme Linked Immuno Sorbent Assay (Elabscience)
per manufacturer instruction.

Gene expression for cytokines

Gene expression for cytokines IL-1a, IL-1f, IL-6, IL-8, IL-10,
IL-12p35 (IL-12a), IL-12p40 (IL-128), TNF-a, IFN-a, IFN-y, and
TGF-B was determined by means of relative quantification,
using primers previously described by various authors (Table
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2). Total RNA was isolated from 20 mg of tissue samples
and PBMC by using the Micro RNeasy kit (Qiagen) and DNAc
was synthetized using the Geneamp RNA PCR Core Kit (Life
Technology) using oligo-dT as primers to get cDNA only
from mRNA. The PCRs were performed using a 7300 ABI
thermocycler (Life Technologies) and the GoTaq q-PCR Master
Mix (Promega) with SYBR-Green chemistry. The specificity
of the reaction was assessed by analyzing the melting
curve. The samples were normalized using the average Ct
for glyceraldehyde-3-phosphatedehydrogenase (GAPDH),
cyclophilin and f-actin. The minimum correlation coefficient
for the standard curves was 0.972 and the efficiency of q-PCR
was between 91% and 105%. The expression for each sample
was calculated (Pfaffl, 2001), correcting to the PCRs efficiency,
which was calculated by serial decimal dilutions and using
the slope offered by the thermacycler software, and used as
control group the animals sampled at day 0. The minimum
correlation coefficient for the serial dilutions was 0.972 and
the efficiency of q-PCR was between 91% and 105%. Data were
expressed as fold change, normalized to the lowest value
(which was assigned a value 1).

Statistical analysis

All data were processed using SAS (version 9.4, SAS Institute;
Cary). The gene expression data were transformed as Log
2 of the value for normalization. A MIXED procedure was
used to find statistical differences between time points for
data with the individual pig as the experimental unit. The
Spearman correlation coefficient was used to measure the
relation between IgA producing cells in tissues and cytokine
expression. Multivariate analyses were performed using SAS,
and graphical presentation methods that were used to explore
associations in the set of multiple variables were heatmaps,
Principal component analysis (PCA; multidimensional scaling
analysis) which were carried out based on the expression of
the set of 11 normalized genes included in the 3 intestinal
tissues, and Canonical discriminant analysis (CDA) was
used comparing the data from the different time points.
Significantly different means were separated using Tukey
adjust. Statistical significance and tendency were considered
at P <0.05 and 0.05 < P < 0.10, respectively.

Results

Performance and histomorphometrical results

The animals reached an average BW of 20.49 kg on day 45 of
the experiment, with an average daily gain of 334 + 90 g/d, with
an average pen-based feed intake of 18.52 + 2.3 kg. Throughout
the study, no piglets developed diarrhea or other disease clinical
signs. Two animals died over the experiment, showing no
digestive or respiratory related lesions at necropsy.

Data on small intestine villi characteristics are presented
in Table 3. The villous length and crypt depth in jejunal tissue
is significantly lower on day 0 (day of weaning) compared with
days 30 and 45 postweaning, and day 45 is increased compared
with day 15. The ratio between villous length and crypt depth in
the jejunum is significantly lower on days 30 and 45 compared
with day 0, and day 45 is significantly lower as day 15. In ileal
tissue, the villous length is lower on day 0 compared with days
15, 30, and 45, with no significant differences between those
timepoint, the crypt depth is lower on day 0 compared with
days 15, 30, and 45. Crypt depth is lower on day 15 compared
with days 30 and 45. The ratio between villous length and crypt
depth in the ileum is significantly lower on days 15, 30, and 45
compared with day 0.

Ig analysis in blood and tissue

Average count of IgA producing cells (per 25.000 pm?) in jejunum
(P < 0.001) was increased on days 30 and 45 compared with days
0 and 15, with day 45 being increased compared with day 30. In
the ileum and colon tissue, the average count of IgA producing
cells increased on days 30 and 45 (P < 0.001) compared with days
0 and 15 (Table 4).

A correlation between IgA producing cells in different tissues
considering all time points (days 0, 15, 30, and 45) was found,
between jejunum and ileum (r = 0.672, P < 0.001) and between
IgA producing cells in ileum and colon (r = 0.679, P < 0.001).
A moderate correlation was found between IgA producing
cells in jejunum and colon (r = 0.562, P < 0.001). Furthermore, a
correlation existed between the IgA quantities in serum and the
IgA producing cells in ileum (r=0.2992, P = 0.037) and in colon (r =
0.32264, P = 0.024). No significant correlation was found between
IgA quantities in serum and the IgA producing cells in jejunum.

Table 2. Primers for cytokines IL-1f, IL-6, IL-8, IL-10, IL-12p35, IL-12p40, TNF-a, IFN-a, IFN-y, and TGF-$ and primers for glyceraldehyde-3-phosphate

dehydrogenase, cyclophilin, and B-actin®

Primer forward (5 — 3’)

Primer reverse (5" — 3) References

IFN-a. 5-CCCCTGTGCCTGGGAGAT-3’
IFN-y 5-TGGTAGCTCTGGGAAACTGAATG-3"
TNF-a 5’-ACTCGGAACCTCATGGACAG-3’

IL-12p35 5-AGTTCCAGGCCATGAATGCA-3’
IL-12p40 5-TTTCAGACCCGACGAACTCT-3’
IL-10 5-TGAGAACAGCTGCATCCACTTC-3"
TGF-B 5-CACGTGGAGCTATACCAGAA-3’

IL-8 5’- GCTCTCTGTGAGGCTGCAGTTC-3’
IL-1la 5- GTGCTCAAAACGAAGACGAACC-3’
IL-1B 5-AACGTGCAGTCTATGGAGT-3"

IL-6 5-CTGGCAGAAAACAACCTGAACC-3’
B-actin 5-CTACGTCGCCCTGGACTTC-3’
Cyclophilin 5-TGCTTTCACAGAATAATTCCAGGATTTA-3’
GAPDH 5-ACATGGCCTCCAAGGAGTAAGA-3"

5-AGGTTTCTGGAGGAAGAGAAGGA-3’
5-GGCTTTGCGCTGGATCTG-3"
5-AGGGGTGAGTCAGTGTGACC-3’
5-TGGCACAGTCTCACTGTTGA-3’
5-CATTGGGGTACCAGTCCAAC-3’
5-TCTGGTCCTTCGTTTGAAAGAAA-3’
5-TCCGGTGACATCAAAGGACA-3’

5-AAGGTGTGGAATGCGTATTTATGC-3’

5’-CATATTGCCATGCTTTTCCCAGAA-3”
5’-GAACACCACTTCTCTCTTCA-3’
5-TGATTCTCATCAAGCAGGTCTCC-3’
5-GATGCCGCAGGATTCCAT-3"
5-GACTTGCCACCAGTGCCATTA-3’
5-GATCGAGTTGGGGCTGTGACT-3’

Moue et al. (2008)
Royaee et al. (2004)
Gabler et al. (2008)
Moue et al. (2008)

Kim et al. (2010)
Royaee et al. (2004)
Moue et al. (2008)
Bracarense et al. (2012)
Verpoest et al. (2017)
Borca et al. (2008)
Borca et al., 2008
Skovgaard et al. (2009)
Duvigneau et al. (2005)
Duvigneau et al. (2005)

[FN-a, interferon alpha; IFN-y, interferon gamma; IL-12p35, interleukin-12, subunit p35; IL-12p40, interleukin-12, subunit p40; IL-10, interleukin-10; TGF-p,
transforming growth factor beta; IL-8, interleukin-8; IL-1q, interleukin-1 alpha; IL-18, interleukin-1 beta; IL-6, interleukin-6; GAPDH, glyceraldehyde-3 phosphate

dehydrogenase.
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Table 3. Histomorphometrical intestinal measurements in piglets in piglets on the day of weaning (day 0) and on days 15, 30, and 45 postweaning

Day 0 Day 15 Day 30 Day 45 SEM P-value

Jejunum Villous length, pm 4302 4752 506bc 522¢ 14 0.0005
Crypt depth, pm 2232 2962 358 333¢ 12 <0.0001

V/C ratio 1.9507° 1.6454% 1.4500° 1.5547° 0.073 0.0010

Ileum Villous length, pm 3572 451° 459° 490° 15 <0.0001
Crypt depth, pm 1722 274> 335¢ 316 13 <0.0001

V/C ratio 2.1758* 1.7026° 1.4190¢ 1.5773b 0.090 <0.0001

a<Different superscripts within a row indicate a significant difference (P < 0.05).

Table 4 Pattern of average count of IgA producing cells in jejunum, ileum, and colon in piglets on the day of weaning (day 0) and on days 15,

30, and 45 postweaning

Day 0 Day 15 Day 30 Day 45 SEM P-value
Jejunum 11.80° 11.007 19.61° 24.60¢ 1.101 <0.0001
Ileum 9.58° 9.75% 16.62° 17.44° 0.901 <0.0001
Colon 9.722 10.20° 18.12° 20.27° 1.181 <0.0001

a®Different superscripts within a row indicate a significant difference (P < 0.05).

Table 5 presents the Ig quantities in serum of piglets over time.
Amount of IgG was increased on day 45 compared with day
15 (P = 0.043), with days 0 and 30 having intermediary levels.
A correlation between IgG in blood and PCV-2 titer existed (r =
0.3825, P = 0.013). The PCV-2 titer also showed a linear increase
over time (data not shown). IgA quantities were increased on
days 30 and 45 compared to day 0 (P = 0.015). Quantities of
IgM in blood were increased on day 30 compared with day O
(P < 0.001). IgE quantity was increased on day 30 compared with
day 15 (P = 0.013).

Cytokine gene expression in tissue

Jejunum

Gene expression of IFN-y showed a tendency for a decrease on
day 45 compared with day 15 (P = 0.094). IL-1a gene expression
was increased at day 30 compared with day O in jejunum
(P < 0.001). Gene expression of IL-1a was reduced on day 45
compared with day 0 in jejunum. Gene expression for IL-1$ was
reduced on day 30 compared with all other time points (P <0.001).
IL-8 gene expression in jejunum (P < 0.001) decreased on day 30
compared with all other time points. A reduction in IL-10 gene
expression in the jejunum was seen on day 45 compared with
daysOand15(P<0.001).Il-12a gene expression showed a tendency
for a reduction on day 45 compared with day 0 in the jejunum
(P =0.080), and a tendency for a reduction on day 30 compared
with day O (P = 0.069). A reduction in IL-123 gene expression
in jejunum was observed on day 45 compared with day O
(P =0.039). In jejunum, gene expression for TNF-o was reduced
(P < 0.001) on days 15 and 45 compared with day 0. Gene
expression of TGF-f was reduced in jejunum on day 30
compared with day O (P = 0.027; Table 6).

Ileum

Gene expression of IFN-y was increased in ileum on day 15
compared with day O (P < 0.001). IL-1a. gene expression was
increased at day 30 compared with day O (P < 0.001). Gene
expression for IL-1p reduced significantly on day 30 compared
with all other time points (P < 0.001). A decrease in IL-6 gene
expression was observed in the ileum on days 30 and 45
compared with day 0 (P < 0.001). IL-8 gene expression in ileum
decreased on day 30 compared with all other time points

(P < 0.001). IL-10 gene expression in the ileum was reduced on
days 30 and 45 compared with days 0 and 15 (P < 0.001). IL-12a
gene expression showed a tendency for a reduction on day 30
compared with day 0 in the ileum (P = 0.069). In the ileum, TGF-$
gene expression was reduced on days 30 and 45 compared with
days 0 and 15 (P < 0.001; Table 6).

Colon

IFN-a gene expression on day 30 was reduced compared with
days 0 and 45 (P = 0.005). Expression of IFN-y was increased in
colon on day 15 compared with day O (P = 0.002). IL-1a gene
expression was increased at day 15 compared with all time
points in colonic tissue, with day 30 being higher than days 0 and
45 (P < 0.001). Gene expression of IL-1a was reduced on day 45
compared with day 0. IL-8 gene expression in colon increased on
day 15 compared with all other time points (P < 0.001). In colonic
tissue, IL-13 gene expression increased on day 15 compared
with day 0), and increased on day 30 compared with day 15
(P < 0.001). In the colon, the expression of IL-10 was increased
on day 15 compared with all other time points (P < 0.001).
A reduction in IL-123 gene expression in colon tissue on day
15 compared with all other time points (P = 0.004). TNF-a gene
expression reduced on day 45 compared with day 0 (P = 0.008).
In the colon, TGF-$ gene expression was reduced on days 30 and
45 compared with days 0 and 15 (P < 0.001; Table 6).

PBMC

Gene expression of IFN-y in PBMC was increased on day 45
compared with day O (P = 0.011). Expression of IFN-a was
increased on day 45 compared with day O (P = 0.016). In PBMC,
expression of IL-la was increased at day 45 compared with
all previous time points (P < 0.001). IL-6 gene expression was
increased on day 45 compared with day O (P = 0.034). An increase
was observed in IL-10 expression on day 15 compared with day
0 (P = 0.021). The expression of IL-120 was increased on day 15
compared with day O (P < 0.001), where IL-123 gene expression
was reduced on day 30 compared with day 15 (P = 0.028). An
increase was observed in expression of TNF-a on days 15 and
day 45 compared with day 0 (P < 0.001). In PBMC, the expression
of TGF-p increased on day 45 compared with day 0 (P < 0. 001;
Table 6).
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Table 5. IgG, IgE, IgA, and IgM quantities in blood of piglets on the day of weaning (day 0) and on days 15, 30, and 45 postweaning

Day 0 Day 45 SEM P-value
IgG, mg/mL 8.47% 7.32%® 8.76° 0.544 0.0428
IgE, ng/mL 26.50% 23.98° 1.888 0.0129
IgA, ug/mL 65.59° 116.91° 11.286 0.0145
IgM, ug/mL 78.04* 123.15% 140.00¢ 9.598 0.0004

=< Different superscripts within a row indicate a significant difference (P < 0.05).

Table 6. Pattern of Cytokine (Ck) mRNA expression in jejunum, ileum, colon, and PBMC in piglets on the day of weaning (day 0) and on days
15, 30, and 45 postweaning®

Tissue Ck DAY 0 DAY 15 DAY 30 DAY 45 SEM P-Value
Jejunum IFN-a 3.137 2.299 2.381 2.846 0.338 0.2559
IFN-y 3.585% 4.090* 3.6459 3.063Y 0.290 0.0939
IL-1a 4.513° 5.272° 7.497° 3.436¢ 0.284 <0.0001
IL-1B 5.8332 5.391¢ 1.998° 5.3532 0.299 <0.0001
IL-6 2.257 2.184 2.767 2.338 0.218 0.2664
IL-8 1.961° 2.2742 0.992° 2.183® 0.138 <0.0001
IL-10 3.239° 3.316° 2.817% 2.142° 0.198 <0.0001
IL-12a 8.103* 7.2019 6.218 6.320v 0.525 0.0804
IL-12p 5.3227 4.900% 4.788® 4.530° 0.198 0.0391
TNF-a 12.5052 9.578° 12.134° 9.213° 0.681 0.0005
TGF-B 12.951® 12.865% 12.038° 12.429%® 0.231 0.0267
Ileum IFN-a 3.004 3.051 2.354 2.990 0.367 0.5200
IFN-y 6.107° 7.7427 6.955% 6.393° 0.295 0.0009
IL-1a 6.939° 7.799b¢ 9.791%® 6.4072 0.265 <0.0001
IL-1B 4.9742 5.462° 1.478° 5.3232 0.348 <0.0001
IL-6 4.2852 3.775® 3.179° 3.093° 0.217 0.0003
IL-8 2.5992 2.7877 1.783° 2.8452 0.163 <0.0001
IL-10 3.217# 3.229° 3.149° 3.120° 0.018 <0.0001
IL-12a 4.096* 3.591% 2.403Y 2.8719 0.479 0.0688
IL-12p 2.460 2.795 2.406 2.441 0.175 0.3850
TNF-a 11.122 11.044 9.375 9.396 0.682 0.1071
TGF-B 10.775% 11.1232 9.991° 10.303° 0.129 <0.0001
Colon IFN-a 2.426° 1.858% 1.309° 2.1462 0.186 0.0005
IFN-y 2.730° 3.185° 2.890% 2.914%® 0.081 0.0017
IL-1a 5.033¢ 9.008* 6.897° 3.2244 0.381 <0.0001
IL-1B 3.124% 4.6532 2.352¢ 3.877%® 0.331 <0.0001
IL-6 3.013 3.461 2.907 3.150 0.205 0.2857
IL-8 2.786° 5.0852 2.680° 3.471° 0.353 <0.0001
IL-10 1.687° 3.341° 1.920° 1.986° 0.171 <0.0001
IL-12a 4.842% 6.284° 3.670° 4.010* 0.633 0.0261
IL-12p 3.569° 2.989° 3.663% 3.872¢ 0.173 0.0041
TNF-a 22.0892 20.344® 20.379%® 18.589° 0.606 0.0008
TGF-B 11.370° 11.611° 10.444° 10.842° 0.128 <0.0001
PBMC IFN-a 11.773° 15.977%® 13.088* 17.106° 1.335 0.0157
IFN-y 12.214° 16.006%° 16.326% 18.2822 1.334 0.0113
IL-1a 12.041° 10.811° 11.615° 17.5372 1.257 0.0005
IL-1B 15.483 17.135 12.756 15.509 1.218 0.1104
IL-6 13.053° 16.629%® 13.560%® 17.614# 1.323 0.0340
IL-8 21.288 22.925 23.555 25.829 1.430 0.1378
IL-10 10.090° 14.488° 11.859% 13.808* 1.092 0.0208
IL-12a 9.317° 17.997# 14.135%® 17.319® 1.436 <0.0001
IL-12p 14.784% 19.5282 13.506° 17.447%® 1.482 0.0276
TNF-a 10.269° 18.246° 11.860% 17.1042 1.471 0.0002
TGF-B 10.090° 13.634%® 10.227° 15.354# 1.050 0.0005

Values are means and results are expressed in log 2 of normalized values.

a~<Different superscripts within a row indicate a significant difference (P < 0.05), *Vdifferent superscripts within a row indicate a tendency

difference (P < 0.1).



Cytokine correlations

Spearman’s correlation analysis between cytokine gene
expression and amount of IgA producing cells in the different
tissues did not show strong existing correlations (r > 0.50). The
strongest correlations were found on day 0 postweaning, where
IL-1a and IL-1f gene expression in jejunum, ileum, and PBMC was
correlated to IgA producing cells in intestinal tissue (Figure 1).

The CDA of different time points showed a separation of days
30 and 45 (Figure 2), with canonical 1 mainly explained by IL-1a
in jejunum and ileum and canonical 2 by IL-1f and TGF-f in
colon. Heatmap analysis underlines the difference in expression
of all the tested cytokines observed in the jejunum and ileum
tissue, with IL-1a being the main differentiator (Figure 3). PCA
analysis of all cytokines in jejunum, ileum, colon, and PBMC
showed a clear separation of cytokines in PBMC compared with
the cytokines in the intestinal tissues, with the 2 components
explaining 32% of the variation (Figure 4).

Discussion

Commercially, piglets are weaned at an age when their mucosal
immune system is not fully mature, as evidenced by high
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morbidity and mortality resulting from postweaning diarrhea
(McCracken et al., 1999; Lallés et al., 2004; Fairbrother et al,,
2005). Of particular interest is the role of cytokines as major
epithelial cell growth and development regulators, including
intestinal inflammation and epithelial restitution following
mucosal damage. Weaning is known to change the intestinal
morphology, caused by the changes in feed intake pattern, for
example changing from liquid to solid feed and a decrease in
intake postweaning, and/or physiological or environmental
stressors (Pluske et al.,, 1997). This study showed that the
height of villi, the depth of the crypts. and the villus/crypt ratio
differed significantly over time. The values of the morphometric
measurements (villus height and crypt depth) were comparable
to the data obtained by other authors, such as Manzanilla et al.
(2006) with piglets 19 and 21 d postweaning and with Pluske
et al. (1996) on 5 d postweaning. Also, the observed decrease
in villus length on day of weaning followed by partial recovery
on 15 d postweaning is in agreement with the results of others
(van Beers-Schreurs et al., 1998; Marion et al., 2002; Vente-
Spreeuwenberg et al., 2003). The animals in this study were not
experiencing any clinical disease symptoms and had a growth
performance during the study period normal for the genetic line.
The lack of individual performance data such as daily gain and
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feed intake limits the possibility to correlate those parameters
to intestinal immune markers such as cytokine gene expression
and IgA producing cells.

Results demonstrated an increase in IgA producing cells
in the GIT 30 d postweaning, confirming previous results
showing an increase in IgA concentration in intestinal content
20 d postweaning (Garcia et al., 2016). Furthermore, the results
confirmed the existence of different distribution patterns of
immune cells in the jejunum, ileum and colon, as previously
reported (Allen and Porter, 1973, 1977; Pié et al., 2004; Bianco
et al.,, 2014). Results indicated that the IgA production in piglets
can be insufficient up to day 30 postweaning. In addition to the
changes on an intestinal level with regards to IgA producing cells,
IgA concentrations in plasma are increased over time, where the
main increase occurred on days30 and 45 postweaning. Previous
studies have shown a reduction in plasma IgA concentration
directly after weaning, with the removal of IgA derived from the
sow’s milk (Heo et al., 2013). This study could not confirm that,
as the concentrations have only been measured postweaning
with a 15-d interval, starting 18 hr postweaning. The current
study shows a reduction in IgG concentration after weaning, in
agreement with previous studies showing a significant decrease
in piglet’s plasma IgG concentrations immediately after
weaning, which is in concurrence with the depletion of maternal
immunity (Garcia et al., 2016; Moeser et al., 2017). A positive
correlation between IgG in blood and PCV-2 titer existed. It is
widely believed an effective vaccination of young piglets is
challenged by a lower and less effective antibody responses in
the presence of higher maternal antibodies (Salmon et al., 2009;
Hodgins and Shewen, 2012). However, this study design is not
adequate to elaborate more on this topic.

Production of mucosal IgA is controlled by cytokine-
producing T-cells within the GALT and by cytokines released
from the mucosa. Within the GALT, the Th, cytokines, IFN-y and

TNF-f, downregulate IgA production, whereas the Th, cytokines,
IL-4, IL-5, IL-6, and IL-10, upregulate IgA production (Kramer
et al., 1995; Ramsay, 1995). The current study demonstrated
that mRNA expression of pro- and anti-inflammatory cytokines
varied according to type tissue analyzed and a difference
in expression of cytokines was seen during the life of the
piglet, with increasing levels of pro-inflammatory cytokines
postweaning. These results are confirming previous studies,
where a different distribution pattern of cytokines was found in
the small intestine, where bacterial colonization patterns in the
gut canimpact cytokine expression patterns in the intestine, and
cytokines could be indicators of bacterial population dynamics
(Shirkey et al., 2006; Zhao et al., 2008). No correlation has been
found between IgA producing cells in the different intestinal
tissues and the cytokine gene expression in the tissue and/or in
PBMCs. A potential reason for the lack of correlation can be the
large interval (15 d) in tissue sampling, therefor the correlation
between the production of cytokines and responding increase
in IgA producing cells could be missed.

PCAindicated a separation between cytokine gene expression
in different GIT tissues and in PBMC, with a clustering of
cytokine gene expression in the small intestine (jejunum and
ileum). Furthermore, a separation existed between cytokines
IL-1a and TGF-f vs. IL-1f and IL-8 within all tissue locations but
mainly in jejunum and ileum. This study shows that early (days
0 and 15) upregulation is mainly seen in cytokines IFN-y, IL-10,
TGF-B, upregulation on day 30 is seen in IL-la. A pronounced
similar pattern in expression of IL-1f and IL-8 is observed,
decreasing the expression on day 30 postweaning in jejunum
and ileum, which is the opposite pattern for IL-1a, where an
increase is occurring on day 30 in jejunum and ileum. This
increased levels of anti-inflammatory cytokine expression,
such as IL-10 and TGF-f, can indicate that on days 15 and 30
the negative feedback loop has been started, to possibly protect
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Figure 3. Heatmap of cytokine gene expression in intestinal tissues jejunum (Y), ileum (I), colon (CO), and in PBMC on different time points, where 0 = day 0, 1 = day

15, 2 = day 30 and day 3 = day 45.

against intestinal inflammation by maintaining the barrier
function (Madsen et al., 1997; Howe et al., 2005). The increase in
cytokine gene expression postweaning results found in current
study builds on existing evidence (Pié et al., 2004; Moeser et al.,
2007b) that demonstrated the weaning process in piglets is
associated with an inflammation in the intestine. According
to these authors, an intestinal upregulation of IL-1f, IL-6, and
TNF-o. mRNA occurred during the first 2 d postweaning. After 2
d postweaning, the mRNA level of these cytokines returned to
preweaning levels, with the exception of the TNF-o. mRNA level
in the distal intestine, which remained high. Hu et al. (2013)
reported in 21 d weaned piglets alleviated levels of TNF-o and
IL-6 at 3 and 7 d postweaning, and the levels returned to the
preweaning levels at day 14 postweaning. In accordance with our
results, McCracken et al., (1995) also found a transient increase
in plasma IL-1 (unspecified) concentrations over the first 2 d

postweaning period in piglets. However, these authors did not
show any changes in plasma TNF-a and IL-6 concentrations.
Additional to previous mentioned studies, the current study
found changes in gene expression of cytokines and Igs on an
intestinal level as well as in blood after 2 wk still to be present.
This is also reflected by the canonical discrimination analyses
that indicated a clear separation of days 30 and 45 postweaning
compared with days 0 and day 15 postweaning. The sample
interval of 15 d in the current study limits the possibility to
conclude a short-term effect of the weaning process on the
inflammation response. Furthermore, it limits the possibility
of observing intestinal and immunological maturation to be
causing the changes in Ig and cytokine expression over time.
The changes in cytokine expression in time in both
intestinal tissue as in blood found in this study indicate
that the pigs seem to recover from intestinal inflammation,
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observed by an increase in pro-inflammatory cytokines
as previously discussed, followed by an increase anti-
inflammatory cytokine expression as a negative feedback.
However, at the first 15 d postweaning, the upregulation of
pro-inflammatory cytokines, such as TNF-a, IFN-y, and IL-6,
may increase intestinal epithelial permeability in, favoring the
trans-epithelial passage of micro-organisms and leading to
bacterial infections and diarrhea (Al-Sadi and Ma, 2007, Al-Sadi
et al., 2009). Many studies reported that enteric infection and
intestinal inflammatory diseases were associated with the
alternations in the expression of pro-inflammatory cytokines
in the intestine of humans and animals (Murtaugh et al., 1996;
McClane and Rombeau, 1999). An example is an upregulation of
TNF-q, IL-6, IL-8, and IL-1f in jejunal mucosa of weaned piglets
after an LPS challenge (Upadhaya et al., 2015; Xiao et al., 2016;
Cao et al., 2018). Local expression of IL-1, IL-6, and TNF-a mRNA
has been largely documented after bacterial or viral infection
in pigs (Murtaugh et al., 1996; Fossum, 1998) and in humans
during gut inflammatory diseases such as Crohn’s disease and
ulcerative colitis (Mahida et al., 1989; Stevens et al., 1992).

The present study found an increase in gene expression
of intestinal cytokines and IgA producing cells from day 15
postweaning onward. While there is a lot of data available
on the short-term immunological response postweaning,
these data can give new insights on the potential prolonged
immune response postweaning and help to design strategies to
control postweaning inflammatory responses. A lot of previous
research has proven the potential negative effect of increased
expression of inflammation markers on intestinal integrity
(Spreeuwenberg et al., 2001; Moeser et al., 2017), morphology
of intestinal structures such as villous length and crypt depth
(McCracken et al., 1995; Pié et al., 2004) and disruption of the
microbiota (Schachtschneider et al., 2013; Gresse et al.,, 2017),
favoring a delay in intestinal maturation and a predisposal to
diseases (Jayaraman and Nyachoti, 2017; Pluske et al., 2018b).
Furthermore, studies have demonstrated that an induction of
an immune response requires the mobilization of energy and

resources from other activities (i.e., nutrition and growth), with
estimations of a 20% to 25% increase in protein and amino acid
usage (Kurpad, 2006). Recent research by Pluske et al. (2018a) has
shown the potential of different management measures such
as reducing physical and physiological stressors, implementing
nutritional strategies reducing intestinal microbial load,
increasing digestion and preventing production and activity of
pro-inflammatory cytokines, all with the main goal to manipulate
the immune system of pigs for improving performance, aiming
to have an appropriate immune response for each specific
circumstance, preventing to maximize the immune response
(Pluske et al, 2018a). Results from this study could have
implications for nutritional recommendations for nursery pigs,
especially in the current era with recommendations for lower
use of antimicrobial ingredients such as preventive antibiotics
and pharmacological levels of zinc oxide.

Conclusion

Results have shown that the process of weaning in piglets
was associated with a prolonged and transient response in
gene expression of intestinal inflammatory cytokines and an
increased amount of IgA producing cells in the intestinal tissue.
These increased responses were still present at days 15 and 30
postweaning.
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