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Interferon-alpha (IFN-a) shows potent immunomodulatory properties, which underlies its use for low-dose oral
treatments of diverse viral infections and immunopathological conditions. The studies on oral administration
have been hampered by the lack of recognized in vitro models, reproducing the in vivo control action of IFN-a
over inflammatory cytokine responses. Owing to these reasons, the aim of our study was to validate IPEC-J2 (a
continuous cell line of porcine intestinal epithelial cells) as a reporter system of the properties of IFN-a. Three
different experimental conditions (oxidative stress, inflammatory response, and amplification of lymphoid cell
signals) were selected to evaluate the effects of porcine recombinant IFN-a1 (rIFN-a) and 2 natural porcine IFN-a
preparations (nIFN-a). The IFNs under study showed significantly different control actions in IPEC-J2 cells. In
particular, rIFN-a was shown to down-regulate interleukin (IL)-8, IL-1b, tumor necrosis factor (TNF)-a, and b-
defensin 1 genes either directly, or indirectly through second messengers released by IFN-a-treated lymphoid
cells. With regard to IL-6, only second messengers from IFN-a-treated lymphoid cells could regulate the ex-
pression of this cytokine. Our results suggest that IPEC-J2 cells can be a useful tool for investigating the
regulatory actions of type I IFNs and the second messengers thereof. The results provided by this model could be
conveniently exploited in studies on enteric diseases sustained by infectious or noninfectious stressors.

Introduction

Interferons (IFNs) are proteins named after their capacity
to interfere with viral infections of animal cells and are also

endowed with immunomodulatory, anti-proliferative, and
anti-inflammatory activities (Amadori 2008; Wang and Fish
2012). Three distinct classes of IFN molecules are known to
date: Type I, Type II, and Type III IFNs. Type I IFNs are a
heterogeneous group including several distinct families: IFN-
a, IFN-b, IFN-e, IFN-k, IFN-o, IFN-d, and IFN-t. These may
be associated with distinct profiles of antiviral and anti-
tumor activities, as well as of regulation of the T-helper 1/T-
helper 2 ratio (Garcia-Sastre 2011; Gajewski 2012). The IFN
system plays a pivotal role in the innate immune system as
well as in the regulation of the adaptive immune response
(Gonzalez-Navajas and others 2012). In addition, recent ev-
idence accumulated in humans, mice, and farm animals
points at type I IFN as a crucial homeostatic system that is
aimed at avoiding unnecessary tissue damage and waste of
food energy due to a dysregulated inflammatory response
(Amadori 2007; Trevisi and others 2011).

Among farm animal species, pigs show interesting prop-
erties of their Type I IFN system in their response to envi-
ronmental stressors. In particular, the constitutive expression
of several IFN-a subtypes was shown to be modulated in a

model of early weaning stress on which IFN-a can exert a
regulatory role (Razzuoli and others 2010). Such a regulation
is badly needed, as the stress associated to weaning leads to
mast cell activation and low feed intake, both of which play a
pivotal role in the loss of barrier function of gut (Wijtten and
others 2011). In this scenario, a low-dose IFN-a treatment at
weaning was shown to be effective, the results being prob-
ably due to an anti-inflammatory control action of this cy-
tokine (Amadori and others 2009). Understanding the direct
and indirect control actions of oral IFN-a in pigs is difficult,
because there are no recognized in vitro models that evaluate
the biological effects mentioned earlier after oral adminis-
tration (Peters and others 2011). For this reason, the objective
of this study was to demonstrate the suitability of IPEC-J2 (a
continuous line of porcine intestinal epithelial cells) as an
in vitro reporter system of the anti-inflammatory control ac-
tion of IFN-a at different concentrations.

Materials and Methods

Cells and IFNs

IPEC-J2 cells (porcine intestinal epithelial cells, IZSLER
Cell Bank code BS CL 205) were grown in Minimum Es-
sential Medium (MEM) enriched with Fetal Calf Serum
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(FCS) (10% v/v), 2 mM glutamine, and antibiotics (50 mg/mL
penicillin, 50mg/mL streptomycin, and 10mg/mL neomy-
cin). These cells show a spontaneous secretion of interleukin
(IL)-8 and were previously employed in studies on the in-
flammatory response (Sargeant and others 2011). They have
a typical epithelial morphology and are permissive for
commensal and pathogenic bacteria; their profile of cytokine
and chemokine expression makes them suited for studies on
innate immunity. Cells were seeded into 12-well tissue cul-
ture plates (2 mL per well, 2 · 105 cells/mL) and incubated at
37�C in 5% CO2 until confluence (about 24 h).

Porcine recombinant IFN-a1 (rIFN-a) was purchased from
PBL Biomedical Laboratories (cat. 17100-1). Its concentration
is expressed in terms of U/mL with regard to the interna-
tional reference standard for human leukocyte IFN (Ga-902-
530) provided by National Institutes of Health (Bethesda,
MD). Natural porcine IFN-a (nIFN-a) was obtained from
Paramyxovirus-stimulated peripheral blood mononuclear
cells (PBMC) of 2 different pigs as described in our previous
paper (Razzuoli and others 2011a). The concentration of the 3
IFNs under study was measured by ELISA (Razzuoli and
others 2011a) and a bioassay on MDBK cells, calibrated with
rIFN-a (Meager 1987).

Flow cytometry

Staining of cells for IL-1b was carried out according to
established procedures (Schuerwegh and others 2001; Wal-
ravens and others 2002), with minor modifications. Samples
were analyzed by the A40 Apogee Flow System (Enterprise
House, Hertfordshire, United Kingdom). The percentage of
positive cells beyond the threshold FL2 fluorescence channel
was assessed in each sample on 20,000 events and compared
between mAb-treated and control cells using Fischer exact
test (threshold for significance set at P < 0.05).

Gene expression

The expression of porcine IFN-b, IL-8, IL-6, bD1, bD2, IL-
1b, and tumor necrosis factor (TNF)-a was investigated using

primer sets described in previous studies (Amadori and
others 2009; Veldhuizen and others 2009; Collado-Romero
and others 2010; Razzuoli and others 2011b). Porcine b2-
microglobulin (B2M) was used as a housekeeping control
gene (Table 1). EVA Green Real-time PCR amplification was
performed in a CFX96� Real-time System (Bio-Rad, Milan,
Italy) after the reverse transcription step as previously de-
scribed (Razzuoli and others 2011b). In each sample of IPEC-
J2 cells, the relative expression of the selected genes was
calculated using the formula DCt = Ct (target gene)–Ct
(housekeeping), where Ct (cycle of threshold) values are the
mean of 3 test replicates – 1 standard deviation. Negative
samples were given a Ct 40 fictitious value for further sta-
tistical examination. The average intensity of expression
(mean DCt sample-DCt negative control) of the genes under
study was compared by one-way analysis of variance
(ANOVA). The threshold for significance was set at P < 0.05.

Assays for cytokine concentrations

Swine IL-8 and IL-1b were measured by commercial
ELISA kits as suggested by the manufacturer (R&D system,
DUOset cat. DY535 and cat. DY681). Plates were read spec-
trophotometrically at 492 nm. Cytokine concentrations were
calculated from a standard curve that had been created using
seven 3-fold dilutions of porcine recombinant IL-8 and IL-1b.
Data were analyzed by software Prism 2.01, (Graph Pad
Software; Avenida de la Playa, La Jolla, CA); the LOQ (limits
of quantification) corresponded to 10 and 5 pg/mL for swine
IL-8 and IL-1b, respectively.

TNF-a and IL-6 were measured by 3-(4,5-dimethylthiazol-
2-yl) 2,5-diphenyl tetrazolium bromide (MTT)-based bio-
logical assays, as previously described (Grenett and others
1991; Asai and others 1993). Cytokine concentrations were
calculated from a standard curve that had been created with
reference preparations of porcine recombinant TNF-a and IL-
6 (Pierce Endogen, Rockford, IL). Depending on the number
of cell passages in culture, the LOQ in both tests varied be-
tween 5 and 50 pg/mL.

Table 1. Oligonucleotide Primer Sequences for Evagreen Quantitative Reverse Transcription

Real-Time Polymerase Chain Reaction Amplification of Porcine Genes

Gene Protein Primers
GeneBank
gi-number

IL-8 porcine IL-8 F: 5¢- CTGTACAACCTTCTGCACCCA-3¢ M86923
R: 5¢-TTCGATGCCAGTGCATAAATA-3¢

IL-6 porcine IL-6 F: 5¢-CAGAGATTTTGCCGAGGATG-3¢ NM_214399
R: 5¢-TGGCTACTGCCTTCCCTACC-‘3

IL-1b porcine IL-1b F: 5¢-AATTCGAGTCTGCCCTGTACCC-3¢ NM_001005149
R: 5¢-GCCAAGATATAACCGACTTCACCA

TNF-a porcine TNF-a F: 5¢-TGCCTACTGCACTTCGAGGTTATC-3¢ NM_214022
R: 5¢CAGATAAGCCCGTCGCCCAC-3¢

bD1 porcine defensin-1b F: 5¢-TGCCACAGGTGCTCT-3¢ NM_213838
R: 5¢CTGTTAGCTGCTTAAGGAATAAAGGC-3¢

bD2 porcine defensin-2b F: 5¢-CCAGAGGTCCGACCACTA-3¢ NM_214442
R: 5¢-GGTCCCTTCAATCCTGTT-3

B2M Sus scrofa, beta-2-microglobulin F: 5¢CGCCCCAGATTGAAATTGATTTGC 3¢ 397033
R: 5¢GCTATACTGATCCACAGCGTTAGG 3¢

IFNB porcine IFN-b F: 5-AGTTGCCTGGGACTCCTCAA-3 NM_21455
R: 5-CCTCAGGGACCTCAAAGTTCAT-3

F, forward primer; R, reverse primer; IFN, interferon.
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Treatments of IPEC-J2 cells

Each of the following experiments was performed thrice
(see Table 2):

Oxidative stress. IPEC-J2 cells were seeded and incubated
in 12-well tissue culture plates until confluence as described
earlier. Six wells were used as an unstimulated control. The
others were pretreated with rIFN-a and 2 nIFN-a at 100, 25,
6, and 1 U/mL. After 2 h at 37�C in 5% CO2, cells were wa-
shed once with MEM medium and stimulated with 1mM
H2O2 and 2 ng/mL of porcine Tumor Necrosis Factor-a (TNF-
a, R&D system, cat. 690-PT) for 18 h. Three out of 6 control
wells were treated with MEM only (K - ), whereas the 3 wells
left (K + ) were stimulated with H2O2 and TNF-a as described
earlier. After this phase, cells were used for a colorimetric
apoptosis test (Titer Tacs, R&D system, cat. TA600) and su-
pernatants for a measurement of IL-1b and IL-8 release.

Inflammatory response. IPEC-J2 cells grown in 96- or 12-
well plates were stimulated with lipopolysaccharide (LPS)
only (from Escherichia coli O111:B4, Sigma–Aldrich, cat.
L4391) at 1, 2, and 4mg/mL, or LPS (at the same concen-
trations) + rIFN-a at 1 and 100 U/mL. Untreated cells were
used as a negative control. After 18 h of incubation at 37�C in
5% CO2, supernatants were harvested and stored at - 80�C
for ELISA analyses (IL-1b, IL-8) and bioassays (TNF-a, IL-6).
RNA from cells grown in 12-well plates was extracted to
evaluate cytokine gene expression. Cells from 96-well plates
(treated with LPS only at 0, 1, 2, and 4 mg/mL) were tested
for caspase-1 activity (Colorimetric Assay Kit; BIOVISION,
San Francisco, CA, cat. K111-100).

Amplification of lymphoid cell signals. Pig tonsils were
collected at the slaughterhouse from 5 healthy, 9- to 10-
month-old, Landrace x Large White pigs, and processed as
previously described (Razzuoli and others 2012). Viable cells
were resuspended at 3 million mL–1 and cultivated in RPMI
1640 medium + 2 · 10 - 5 M 2-mercaptoethanol (2-ME) + 10%
FCS. Tonsil cells were treated with rIFN-a at 0, 1, and 100 U/
mL, and then incubated at 37�C in 5% CO2. Supernatants
were harvested 24 h later and stored under aseptic conditions
in aliquots at–80�C. IPEC-J2 cells at confluence were washed
once with MEM and treated with 1:4 diluted tonsil super-
natants for 18 h at 37�C in 5% CO2.

IL-1b and IL-8 were measured in supernatants of IPEC-J2
cells; their total RNA was extracted to evaluate the expres-
sion of b2 and b1-defensins (bD1 and bD2), IL-1b, TNF-a, IL-
8, and IL-6 genes.

Statistical analysis

Differences in terms of protein release and gene expression
after the treatments with different IFN-a preparations were

evaluated by one-way ANOVA for repeated measures. The
threshold for significance was set at P < 0.05.

Results

Flow cytometry

IPEC-J2 cells were shown to produce IL-1b. Under our test
conditions, there were 42.5% – 6.5% positive cells (difference
between mAb-treated and control cell) for intracellular IL-1b
(data not shown).

Effects of IFN-a in an oxidative stress model

The treatment of IPEC-J2 cells with H2O2 and TNF-a
caused a significant (P < 0.05) increase (39 – 2.8 mOD in our
colorimetric test) in cell apoptosis with regard to untreated
wells. The cells spontaneously released 405 – 64 pg/mL of IL-
8; after treatment with H2O2 and TNF-a, IL-8 release in-
creased to 825 – 124 pg/mL ( + 420 pg/mL with regard to the
spontaneous release, P < 0.05). The IFN-a treatments partly
restored the control condition (Fig. 1). Differences in terms of
regulatory action on IL-8 release were also shown among
different types of IFNs; in particular, 25 U/mL of rIFN-a
completely reversed the agonist effect of the applied oxida-
tive stress on the secretion of IL-8 (Fig. 1).

Stimulation with TNF-a and H2O2 did not cause any in-
crease of IL-1b release; this occurred after treatment with one
of the 2 nIFN-a under study at 100 U/mL, whereas 1 U/mL
of rIFN-a and of the second nIFN-a significantly decreased
IL-1b release (both - 31 pg/mL, Fig. 1).

Effect of IFN-a on the LPS-driven
inflammatory response

LPS treatments (2 and 4mg/mL) gave rise to significant
increases (P < 0.01) of IL-8 release by IPEC-J2 cells (+ 1,290
and 1,330 pg/mL respectively, see Fig. 2). TNF-a release was
also increased but not significantly (Fig. 2), nor were there
effects in terms of IL-6 and IL-1b secretion (data not shown).
There was instead an increase, albeit not significant, of cas-
pase-1 activity, as shown by our colorimetric test. In partic-
ular 1, 2, and 4mg/mL of LPS caused increases of 11, 15, and
23 mOD in our caspase-1 colorimetric test (nonsignificant
differences, see Fig. 2).

As for gene expression analyses, the LPS treatments sig-
nificantly increased IL-8 and TNF-a expression (P < 0.01) at
all concentrations used (Fig. 3). 1mg/mL of LPS resulted in a
significant (P < 0.05) decrease of IL-1b expression (Fig. 3),
while the other concentrations of LPS under study showed
no effects. IL-6 expression was not modulated by any

Table 2. Treatments of IPEC-J2 Cells

Name Scope Treatment

Experiment 1 Evaluation of IFN-a effects on
oxidative stress.

Pretreatment of IPEC-J2 cells with different concentrations of
IFN-a. After 2 h of incubation, wash, and induction of
oxidative stress.

Experiment 2 Evaluation of IFN-a effects on
inflammatory responses.

Treatment of IPEC-J2 cells with different concentrations of
LPS and/or IFN-a at 1 or 100 U/mL.

Experiment 3 Evaluation of the ability of IFN-a to
amplify lymphoid cell signals.

Treatment of IPEC-J2 cells with supernatants obtained after
tonsil cell treatment with IFN-a at 1 or 100 U/mL.
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concentration of LPS (Fig. 3), whereas IFN-b gene expression
(data not shown) slightly increased after treatment with 2
and 4mg/mL of LPS (nonsignificant).

With the exception of IL-6, treatment with 100 U/mL of
rIFN-a significantly decreased (Fig. 4) pro-inflammatory cy-
tokine gene expression at all tested LPS concentrations (IL-1b
P < 0.001, IL-8 P < 0.001, and TNF-a P < 0.001). TNF-a and IL-
8 expression was significantly up-regulated (P < 0.01) after
IFN-a treatment at a much lower concentration (1 U/mL).
In addition, IFN-b was significantly (P < 0.05) modulated
(- 1.24 DDCt) in cells treated with 4 mg/mL of LPS and
1 U/mL of IFN-a but not at other LPS/IFN combinations
(data not shown).

IPEC-J2 as reporter system of signals
generated by lymphoid cells

In this experiment, IPEC-J2 cells did not release IL-1b.
Treatment of IPEC-J2 with tonsil cell supernatants obtained
after 24 h in culture resulted in a significant increase of IL-8
release (P < 0.05). The same effect was not observed using
supernatants of tonsil lymphocytes treated with rIFN-a
(Table 3).

No significant effect was shown in terms of TNF-a and
IFN-b gene expression after treatment with control tonsil cell

supernatant (Fig. 5). With regard to IL-8 and IL-6, stimula-
tion with control tonsil cell supernatants significantly in-
creased cytokine gene expression (P < 0.01 and P < 0.05
respectively) with regard to untreated IPEC-J2 cells. The
treatment with supernatant of tonsil cells stimulated with
100 U/mL of rIFN-a restored the initial expression levels of
IL-8 and IL-6 in IPEC-J2 cells, whereas no effect was ob-
served with supernatants of tonsil cells treated with 1 U/mL
of rIFN-a. With regard to IL-1b, treatment with control tonsil
supernatant nonsignificantly decreased the expression of this
cytokine; the value of untreated IPEC-J2 cells was observed
after stimulation with tonsil supernatant treated with 1 U/
mL of rIFN-a (P < 0.05, Fig. 5); no significant effect was in-
stead observed with supernatant of tonsil cells treated with
100 U/mL of rIFN-a.

Antimicrobial peptide expression: direct
and indirect modulation

With regard to b1 and 2 defensin gene expressions, there
were no significant effects of LPS on IPEC-J2 cells (data not
shown). After IFN-a stimulation, direct or indirect effects on
b2-defensin gene expression were not shown (Table 4). On
the contrary, the b1-defensin gene was significantly down-
regulated with regard to control IPEC-J2 cells by direct

FIG. 1. Effect of Interferon
(IFN)-a treatments on IPEC-J2
cells stimulated with H2O2

and tumor necrosis factor
(TNF)-a. IPEC-J2 cells were
treated with recombinant (r),
or natural (n) IFN-a (2 prep-
arations) at different concen-
trations (100, 25, 6, and 1 U/
mL) or kept as untreated
control. Then, they were sub-
mitted to oxidative stress by
adding TNF-a and H2O2

(2 ng/mL and 1 mM, respec-
tively); supernatants were
harvested 18 h later. Results
are expressed as a difference
between release of IL-8 by
IFN a-treated and control
wells (A), and a concentration
of IL-1b (B). *indicates a sig-
nificant difference between
control and IFN-a treatment
(one-way ANOVA for re-
peated measures, P < 0.05)
**P < 0.01.
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treatment with 100 or 1 U/mL of rIFN-a, and also by su-
pernatants of tonsil cells treated with 100 U/mL of rIFN-a
(Table 4).

Discussion

Type I IFNs represent a crucial link between innate and
adaptive immune responses, which has stimulated many
investigations into their role in established disease models
(Gonzalez-Navajas and others 2012). These cytokines cause
concentration-dependent effects: high doses of IFN-a
( ‡ 100 U/mL) usually show anti-proliferative, antiviral, and

pro-inflammatory activities; whereas low doses ( < 10 U/mL)
show preferential immuno-modulatory and anti-inflamma-
tory activities (Amadori 2007). In this scenario, Type I IFNs
act as important homeostatic agents in the control of envi-
ronmental, noninfectious stressors such as early weaning in
pigs, which causes transient anorexia and up-regulation of
inflammatory cytokine genes in both proximal and distant
tracts of the small intestine (McCracken and others 1999; Pie
and others 2004). In this model, the control circuits of the
inflammatory response can be adequately targeted by Type I
IFNs to prevent its excessive amplification at weaning and
the related disease losses (Amadori and others 2012). These

FIG. 2. Inflammatory re-
sponse of IPEC-J2 cells to
different lipopolysaccharide
(LPS) concentrations. IPEC-J2
cells were treated with LPS at
1, 2, and 4 mg/mL. After 18 h
of incubation, supernatants
were harvested and stored at
- 80�C for ELISA analyses
(IL-8, TNF-a, A) and a color-
imetric caspase-1 assay (B).
Data are expressed as pg/mL
of secreted cytokines (A) and
OD difference between LPS-
stimulated and control wells
(DmOD, B). **P < 0.01.

FIG. 3. Effects of LPS on the expression of cytokine genes in IPEC-J2 cells. IPEC-J2 cells were treated with LPS at 1, 2, and
4 mg/mL. Untreated cell cultures were used as negative controls. After 18 h of incubation, RNA was extracted to evaluate
cytokine gene expression by RT Real-time PCR. Results are expressed as 2 -DDCt (DCt cell control - DCt treatment). *indicates a
significant difference between control and LPS treatment (one-way ANOVA for repeated measures). The threshold for
significance was set at P < 0.05. *P < 0.05 **P < 0.01.
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findings prompted us to develop an in vitro model depicting
the critical interaction between type I IFNs and intestinal
epithelial cells and the relevant regulation of the inflamma-
tory response. The IPEC-J2 line was developed from the je-
junal epithelial cells of a newborn, nonfed piglet, and it
represents a good model to investigate the pathogenesis of
microbial intestinal infections (Schierack and others 2006; Liu
and others 2010). In a comprehensive study, the complete
morphological and functional characterization of these cells
was presented, and their suitability for microbiological
studies was demonstrated (Brosnahan and Brown 2012); in
addition, the expression of mRNAs for pro-inflammatory
cytokines and chemokines such as IL-6, IL-8, and TNF-a was
confirmed (Mariani and others 2009). This profile was fur-
ther characterized in our study, which demonstrated the
ability of this cell line to produce IL-1b and to express both
IL-1b and IFN-b genes. These features, along with the pro-
duction of other pro-inflammatory cytokines, characterize
IPEC-J2 cells as a good model for studies on gut inflamma-
tion and enteric disease (Zhou and others 2012).

In our work, this cell line was used to investigate IFN-a in
a model based on LPS and oxidative stress-driven changes of
both expression and secretion of inflammatory cytokines and
chemokines (IL-8); the choice of an oxidative stress approach
is relevant to the present lean-type pig phenotypes, charac-
terized by high plasma concentrations of Reactive Oxygen

FIG. 4. IFN-a effects on cytokine gene expression in IPEC-J2 cells. IPEC-J2 cells were treated with LPS only at 1, 2, and 4mg/
mL or LPS (at the same concentrations) + rIFN-a at 1 and 100 U/mL. Untreated cells were used as a negative control. After
18 h of incubation, RNA from cells was extracted to evaluate cytokine gene expression. Data are expressed as 2 -DDCt, where
DDCt = (DCt of untreated cells)- (DCt of treated cells). The asterisks indicate significant differences between control and IFN-a
treatments (one way ANOVA). **P < 0.01 ***P < 0.001.

Table 3. Effects of Tonsil Cell Supernatants on

Spontaneous Interleukin-8 Release by IPEC J2 Cells

Treatment IL-8 (pg/mL – 1 SD)

IPEC-J2 untreated cells 565 – 207
IPEC-J2 cells + tonsil cell supernatant 1055 – 338*
IPEC-J2 cells + tonsil cell

supernatant + rIFN-a at 100 U/mL
820 – 244

IPEC-J2 cells + tonsil cell
supernatant + rIFN-a at 1 U/mL

820 – 348

Pig tonsils were collected at the slaughterhouse. Viable tonsil
mononuclear leukocytes of 5 healthy pigs were resuspended at 3
million mL–1 and cultivated in RPMI 1640 medium + 2-mercap-
toethanol (5 · 10 - 4 M) + 10% fetal calf serum. Tonsil cells were
treated with rIFN-a at 0, 1, and 100 U/mL, and then incubated at
37�C in 5% CO2. Supernatants were harvested 24 h later and stored
under aseptic conditions in aliquots at - 80�C. IPEC-J2 cells at
confluence were washed once with MEM and treated with 1:4
diluted tonsil cell supernatants for 18 h at 37�C in 5% CO2.
Supernatants were harvested 18 h later and stored under aseptic
conditions in aliquots at - 80�C for an IL-8 ELISA assay.

Results are shown in terms of pg/mL of IL-8 – 1 standard
deviation in 5 tests. The asterisk indicates a significant difference
with regard to untreated control cells (one-way ANOVA for
repeated measures, P < 0.05).

IL, interleukin.
*P < 0.05.
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Metabolites under resting conditions, as a result of a major
imbalance between cardio-circulatory system and develop-
ment of the muscular mass (Brambilla and others 2002). In
this regard, previous studies had shown that IPEC-J2 cells
secrete cytokines and chemokines as a response to oxidative
stress (Paszti-Gere and others 2012). These results were
confirmed in our study, whereby an oxidative stress caused a
significant increase of IL-8 release. Interestingly, pretreat-
ment of IPEC-J2 cells with different types of IFN-a could
significantly decrease such a response.

With regard to natural, nonpurified IFNs, the different
results obtained in terms of inflammatory response could be
related to the presence of contaminating cytokines or to
different ratios among IFN-a subtypes. This assumption is in
line with our previous study, where we demonstrated in vitro

the expression of different porcine IFN-a subtypes after
PBMC stimulation with Newcastle Disease Virus (NDV)
LaSota strain (Razzuoli and others 2011a). These subtypes
can show wide differences in terms of antiviral activities
(Sang and others 2010), but at the moment, there is no precise
information about their different anti-inflammatory poten-
tials. For this reason, we decided to use only rIFN-a for the
subsequent experiments.

Treatment with different concentrations of LPS caused an
inflammatory response in terms of IL-8 gene expression and
protein secretion. Interestingly, no significant effect was de-
tected in terms of TNF-a, IL-1b, and IL-6 protein release. In
addition, caspase-1 activity was not significantly increased
by LPS stimulation. It should be stressed that inflammatory
cytokines are regulated by both gene expression and mRNA
stability in the cytoplasm; an increase of IL-1b and TNF-a
also causes a compensatory release of IL-6 (Myers and
Murtaugh 1995). Accordingly, in our study, LPS stimulation
caused a significant increase of TNF-a gene expression but
not of cytokine release, nor was LPS stimulation associated
to an increased expression of IL-6 and IL-1b genes. These
results differ from the data obtained in human macrophages
and monocytes, where LPS causes an increase of all the cy-
tokines mentioned earlier through TLR4/NF-KB signaling;
remarkably, these latter components are expressed in IPEC-
J2 cells as well (Myers and Murtaugh 1995; Mariani and
others 2009). The absence of IL-1b and IL-6 responses to LPS
in IPEC-J2 cells could represent a form of endotoxin toler-
ance, that is, a physiological condition of intestinal epithelial
cells that are refractory to inflammatory signals of com-
mensal bacteria under healthy gut conditions (Lotz and
others 2006).

On the basis of the findings cited earlier, we investigated
the activity of IFN-a in the same experimental model. Our
results highlight the ability of a moderate concentration of
IFN-a (100 U/mL) to regulate the LPS-driven inflammatory
response in terms of pro-inflammatory cytokine gene ex-
pression. 1 U/mL of rIFN-a showed an opposite regulation
in terms of IL-8 and TNF-a gene expression, whereas no
control action was exerted on IL-1b. In a global view, the lack
of a control action on IL-1b at low IFN -a concentrations

Table 4. Direct and Indirect Effects of Interferon-Alpha on b-Defensin Gene Expression

Control b1-Defensin (DCt – 1 SD) b2-Defensin (DCt – 1 SD)

IPEC-J2 untreated cells 6.3 – 0.3 13.9 – 1.5
Treatment/indirect effects

IPEC-J2 + tonsil supernatant 6.4 – 0.15 13.5 – 1.2
IPEC-J2 + tonsil supernatant + rIFN-a 100 UI/mL 7.5 – 0.05*** 13.8 – 1.3
IPEC-J2 + tonsil supernatant + rIFN-a 1 UI/mL 6.6 – 0.2 14.1 – 1.5

Treatment/direct effects
IPEC-J2 + rIFN-a 100 UI/mL + LPS 1mg/mL 10.5 – 0.4*** 15.3 – 1.9
IPEC-J2 + rIFN-a 1 UI/mL + LPS 1mg/mL 9.1 – 0.5** 15.2 – 0.6
IPEC-J2 + rIFN-a 100 UI/mL + LPS 2mg/mL 11 – 0.2*** 16.4 – 1.7
IPEC-J2 + rIFN-a 1 UI/mL + LPS 2mg/mL 8.6 – 0.07* 16 – 0.2
IPEC-J2 + rIFN-a 100 UI/mL + LPS 4mg/mL 10.8 – 0.01*** 16.3 – 1.2
IPEC-J2 + rIFN-a 1 UI/mL + LPS 4mg/mL 8.7 – 0.07* 15.5 – 0.7

IPEC-J2 cells were submitted to the indicated treatments for 18 h at 37�C. Total RNA was extracted to evaluate the expression of b2 and b1-
defensin genes by reverse-transcription Real-time PCR. Results are shown in terms of DCt – 1 standard deviation. Asterisks indicate
significant differences with regard to untreated cells (one-way ANOVA for repeated measures).

***P < 0.001.
**P < 0.01.
*P < 0.05.

FIG. 5. Indirect effects of IFN-a on cytokine gene expres-
sion in IPEC-J2 cells. Pig tonsil cells were treated with rIFN-a
at 0, 1, and 100 U/mL, at 37�C in 5% CO2. Supernatants were
harvested 18 h later and stored under aseptic conditions in
aliquots at–80�C. IPEC-J2 cells at confluence were washed
once with MEM medium and treated with 1:4 diluted tonsil
supernatants for 18 h at 37�C in 5% CO2. RNA of IPEC-J2
cells was extracted to evaluate the expression of IL-1b, TNF-
a, IL-8, IL-6, and IFN-b genes. Data are expressed as 2 -DDCt

where DDCt = (DCt of untreated cells)- (DCt of treated cells).
The asterisks indicate significant differences between IPEC-J2
cells exposed to supernatants of control and IFN a-treated
tonsil cells, respectively (one-way ANOVA). *P < 0.05
***P < 0.001.
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would not be of concern because of further biological check
points; among these, the availability of Caspase-1 through
the inflammosome reaction is likely to play a major role
(Rathinam and others 2012).

The observed control action of IFN-a on inflammatory
cytokines could be performed through different, non-
mutually exclusive dose-dependent pathways: mRNA sta-
bility control by tristetraprolin induction (Anderson and
others 2004), TAM receptor-mediated activation of SOCS
proteins through IFNAR I signaling (Lemke and Rothlin
2008), and down-regulation of CD14 expression (Begni and
others 2005).

With regard to the indirect effects of IFN-a, supernatants
of untreated tonsil cells caused a moderate inflammatory
response in IPEC-J2 cells, as opposed to supernatants of
tonsil cells treated with rIFN-a. In particular, untreated tonsil
cell supernatants up-regulated IL-8 and IL-6 gene expression.
This might be related to IL-6 inducing cytokines such as
TNF-a or IL-1b released by tonsil cells (Murtaugh 1994). IFN-
a could inhibit their expression, or induce anti-inflammatory
components such as IL-10 (Ouyang and others 2011). Inter-
estingly, supernatants of tonsil cells treated with 1 U/mL of
IFN-a kept IL-1b expression at the levels observed in un-
treated IPEC-J2 cells (Fig. 5).

b-defensins were included in our study because of their
involvement in the regulation of the inflammatory response
(Yang and others 2002). In addition, a previous study
(Mariani and others 2009) showed that IPEC-J2 cells consti-
tutively express porcine bD1 and (to a lesser extent) bD2; this
latter defensin is also expressed in the small intestine (Sang
and others 2006), which justifies the use of IPEC-J2 cells as a
useful investigation model of b-defensin expression. Treat-
ment of IPEC-J2 cells with LPS caused no effects in terms of
b-defensin expression; this finding is in agreement with the
results by Zhang and co-workers (Zhang and others 1999),
who demonstrated that porcine bD1 activity was not in-
ducible by an inflammatory stimulation (LPS, TNF-a, IL-1);
this is probably due to the lack of consensus binding sites in
the defensin promoter region for both NF-kB and NF-IL6
(Yang and others 2002). We also demonstrated the ability of
IFN-a to down-regulate bD1 expression (Table 3); our find-
ings are compatible with both a direct regulation on the bD1
gene and an indirect action of IFN-a through second mes-
sengers secreted by tonsil cells, IPEC-J2 cells, or both (ex-
periments B and C, see Materials and Methods).

In conclusion, our results indicate that IPEC-J2 cells can be
employed as a model for in vitro studies on the regulation of
the intestinal inflammatory response, the onset and the
course of enteric disease. Moreover, our results show dif-
ferent control actions of nIFN-a and rIFN-a, as well as dif-
ferent effects of nIFN-a depending on the PBMC cultures
employed for IFN induction. In addition, our results show
that a substantial regulation of the inflammatory response is
exerted at moderate concentrations of IFN-a (100 U/mL),
which may be found at the initial stages of a microbial in-
fection. In a global view, this might imply that pro and anti-
inflammatory control actions of Type I IFNs take place at the
same time on different cellular targets. Among these, intes-
tinal epithelial cells need a very stringent control of their
response to enteric infections and/or dysbiosis of intesti-
nal microbiota; this can be accounted for by the state of
controlled gut inflammation in the presence of commensal
bacteria.
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