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Pigs infected with Ascaris suum or controls were given 100 pg (low-dose) or 1,000 g (high-dose) all-trans
retinoic acid (ATRA)/kg body weight in corn oil or corn oil alone per os on days after inoculation (DAI) —1,
+1, and +3 with infective eggs. Treatment with ATRA increased interleukin 4 (IL4) and IL12p70 in plasma of
infected pigs at 7 DAI and augmented bronchoalveolar lavage (BAL) eosinophilia observed at 7 and 14 DAI.
To explore potential molecular mechanisms underlying these observations, a quantitative real-time reverse
transcription (RT)-PCR array was used to examine mRNA expression in tissue. Ascaris-infected pigs had
increased levels of liver mRNA for T-helper-2 (Th2)-associated cytokines, mast cell markers, and T regulatory
(Treg) cells, while infected pigs given ATRA had higher IL4, I1L13, CCL11, CCL26, CCL17,CCL22, and TPSBI
expression. Gene expression for Thl-associated markers (IFNG, IL12B, and TBX21), the CXCR3 ligand
(CXCLY), IL1B, and the putative Treg marker TNFRSF18 was also increased. Expression of IL4, IL13, IL1B,
IL6,CCL11, and CCL26 was increased in the lungs of infected pigs treated with ATRA. To determine a putative
cellular source of eosinophil chemoattractants, alveolar macrophages were treated with IL4 and/or ATRA in
vitro. IL4 induced CCL11, CCL17, CCL22, and CCL26 mRNA, and ATRA increased the basal and IL4-
stimulated expression of CCL17 and CCL22. Thus, ATRA augments a diverse Thl-, Th2-, Treg-, and inflam-
mation-associated response in swine infected with A. suum, and the increased BAL eosinophilia may be related

to enhanced induction of eosinophil chemokine activity by alveolar macrophages.

Ascaris lumbricoides is an extracellular gastrointestinal nem-
atode parasite that affects up to 1/4 of the world’s population,
including an estimated 4 million people in the United States, a
number that is increasing with immigration from areas of high
exposure (52). A closely related species, Ascaris suum, infects
>50% of pigs raised for food production worldwide and can be
transmitted to humans (53). Pigs infected with 4. suum exhibit
characteristic immediate-type hypersensitivity in the lungs as
the larvae migrate through the alveolar spaces. Migrating lar-
vae produce focal liver lesions and eosinophilic pneumonitis in
both humans and swine (40b). Ascaris suum antigens have been
used to model localized allergic hypersensitivity and asthma in
several different mammalian species, including pigs, because
they elicit allergic symptoms similar to those manifested in
humans infected with A. lumbricoides (45). The porcine model
of asthma very closely approximates the typical response of the
human asthmatic airway to inhaled allergens (43, 44). Ascaris-
induced immunoglobulin E (IgE) production, localized eosin-
ophilia, and increased ex vivo T-helper-2 (Th2) cytokine pro-
duction indicated that immunity to Ascaris in pigs and humans
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is dominated by a Th2 response (2, 11, 15). It is well established
that helminth infections coexist with malnutrition (25), and
nutrient deficiencies and supplementation affect the immune
responses to helminths (8, 21, 25, 34, 36). Conversely, helminth
infection negatively affects nutrient status (23, 25).

Vitamin A (VA) and VA-like retinoids modify Th1-, Th2-,
and T regulatory (Treg)-associated immune responses in ro-
dents and humans, but a definitive mechanism(s) of action is
lacking. VA via all-trans retinoic acid (ATRA) binding to
RAR-a was shown to affect the development of T-cell subsets,
and a RAR-a-selective retinoid (13c) inhibited gamma inter-
feron (IFN-v) from antigen-stimulated mouse T cells (22, 33b).
Some studies showed that systemic administration of RAR-a-
selective retinoids inhibited Th1-associated immune responses,
such as delayed-type hypersensitivity (DTH) (33b, 55a), the
progression of experimental arthritis (33a), and skin allograft
rejection (41a). The situation in vivo is likely to be more com-
plex, since VA-deficient rodents had diminished DTH and
antiviral responses (1, 41b) while exogenous administration of
VA or RA increased DTH reactions and augmented Thl-
related immune responses to virus (42b, 46a). In addition, the
morbidity and mortality associated with malaria and measles
increased with VA deficiency (39a, 41b), and VA-supple-
mented children infected with enteropathogenic Escherichia
coli had reduced fecal protein levels of IFN-y (26a, 26b).

In mice, VA deficiency reduced pulmonary Th2 immune
responses to ovalbumin (40d), while supplemental VA (40a,
40b) or ATRA (30a) exacerbated Th2 responses to ovalbumin.
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We have recently demonstrated that ATRA via RAR-a medi-
ates activation and early Th2 differentiation in human T cells
(9, 11b). Experimental VA deficiency generally impairs Th2-
associated immunity to helminth parasites and leads to de-
creased expulsion of Trichinella spiralis (8) and higher par-
asite burdens in schistosome-infected rats (34). Conversely,
VA supplementation reduced Trichinella pseudospiralis lev-
els in infected mice (13b), and VA-supplemented children
had reduced reinfection rates with 4. lumbricoides and in-
creased fecal IL4 protein (26b, 35a).

There are no clear effects of VA and retinoids on other
Th2-related effector responses. Retinoic acid variably affected
production of IgE (5, 47, 54) and generally inhibited mast cell
(1a, 18, 19, 24), basophil, and eosinophil (12, 26, 35, 55) growth
and function. Furthermore, ATRA inhibited IL4-induced
eotaxin-1 (CCL11) production in a human bronchial epithelial
cell line (46), and VA inhibited Sephadex-induced eotaxin
production in the lungs of rats (48); however, it increased IL4-
and IL13-induced production of CCL11 and eotaxin 3
(CCL26) in primary bronchial epithelial cells. Recently Gren-
ningloh et al. (16) demonstrated inhibition of experimentally
induced allergic lung inflammation, including eosinophilia, in
mice treated with an antagonist of the retinoic acid X receptor.

Within the last 2 years, a large body of evidence has accu-
mulated regarding the role of ATRA in modulating Treg ac-
tivity. We previously observed an expansion of the CD8"
CD28" set of Treg cells during VA deficiency in rats (11a), and
Stephensen et al. described expansion of an IL10-secreting
CD4" T-cell subset in VA-deficient mice (42a). ATRA and
RAR-a agonists potently stimulated the in vitro development
of mouse CD4" CD25" FoxP3™ Treg cells in the presence of
transforming growth factor beta 1 (TGF-p1) and IL2 (13a, 23a,
40c). In addition, ATRA stimulated human T-cell differentia-
tion into Foxp3™ cells without additional cytokines (23a).

Parasite infection generally evokes powerful activation of
humoral, cellular, and regulatory responses at multiple tissue
sites and is a useful tool for examining the interaction between
diet and immune function. Pigs inoculated with A. suum ex-
press localized gene expression patterns for multiple markers
of inflammation that are associated with physiological and
immunological responses to migrating larvae in the liver, lungs,
and intestines that express both Th1- and Th2-derived compo-
nents (10). Therefore, pigs infected with A. suum and treated
with ATRA represent a convenient natural infection model for
evaluation of the hypothesis that supplemental ATRA can
modulate a multifaceted immune and inflammatory response.

MATERIALS AND METHODS

Animal infection model. Eight- to 14-week-old Poland China X Landrace X
Yorkshire pigs were obtained from the experimental farm at the Beltsville Ag-
ricultural Research Center. They were housed in stalls with a nonabsorptive
concrete floor surface, two pigs per pen, and had access to water and feed ad
libitum. The diet was a corn-soybean formulation containing 16% crude protein
and vitamins and minerals that exceeded National Research Council guidelines
(10). In the first experiment, 36 pigs (2 time points, 6 treatments, 3 animals per
group) either were used as controls or were infected with A. suum (10). The
inoculation dose of 20,000 infective eggs was based on a test infection that
yielded between 1,500 and 2,000 migrating larvae in the lungs and small intes-
tines of test pigs at 7 and 14 days after inoculation (DAI), respectively (10).
ATRA in corn oil or corn oil alone was administered per os by oral gavage at —1,
+1, and +3 DAL Pigs were given 100 (low dose [LD]) or 1,000 (high dose [HD])
ng/kg of body weight ATRA in corn oil; control pigs were given an equivalent
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amount of corn oil. The maximal dose of ATRA used (0.1 mg/kg) was chosen
because it is physiologically relevant, is far below what is generally used (1 to 50
mg/kg) for in vivo rodent studies, and is consistent with the treatment doses
administered to humans (4, 28, 41). Pigs were sacrificed 7 and 14 DAI by an
overdose of sodium pentobarbital and exsanguination using procedures ap-
proved by the Beltsville Animal Care and Use Committee as protocol no. 03-410.
A second experiment used only LD ATRA with a similar design; a total of 40 pigs
(2 time points, 4 treatments, 5 pigs per group) were sacrificed at 7 and 14 DAL

Tissue preparation. Whole blood was obtained by venipuncture in an EDTA
Vacutainer (BD, Franklin Lakes, NJ). A complete differential whole-blood count
and blood chemistry profile were determined for each pig pre- and postinfection
using an automated clinical analyzer (HemaVet 3700 hematology analyzer; CDC
Technologies). Comparative profiles of clinical parameters measured are shown
in Table S1 in the supplemental material. Bronchoalveolar lavage (BAL) cells
were obtained from the lungs of pigs. The large right lobe of the excised lung was
gravity filled with 500 ml of phosphate-buffered saline (PBS), followed by mas-
sage for 30 s and draining of the cell suspension into 50-ml polypropylene tubes.
Anatomically defined portions of the liver and lung were excised with scalpels
and forceps and cut into 3-mm? sections; all samples were immediately flash
frozen and stored at —80°C until they were processed for RNA isolation (42).

Cloning and identification of porcine CCL11, CCL17, CCL24, CCL26, CHIT1,
CHI3L2, FOXP3, IL9, and RETNLB. All primers were designed using the Primer
Express software package (Applied Biosystems). Genes or partial genes were
amplified by 45 cycles of PCR. Primers and products under 100 bp were removed
from amplified material using the Qiaquick PCR purification kit (Qiagen). The
presence of a single band of expected size was determined using the Agilent
Bioanalyzer 2100 and a DNA 1000 Labchip kit (Agilent Technologies, Palo Alto,
CA). These products were then amplified for sequencing using a BigDye Ter-
minator v3.1 cycle sequencing kit (Applied Biosystems). After purification by
Performa spin columns (Edge Biosystems, Gaithersburg, MD), amplicons were
spun dry, resuspended in Hi-Di formamide (Applied Biosystems), denatured at
95°C for 2 min, and sequenced on a 3100 Genetic Analyzer 16 capillary array
(Applied Biosystems) at the Environmental Microbial Safety Laboratory, ANRI,
USDA, Beltsville, MD. A consensus sequence for each gene target was assem-
bled from four independent sequence reads and then compared to the human
reference sequences. For CCL26, the human sequence was BLAST searched
against the nonredundant GenBank database, yielding a porcine genomic DNA
clone, accession no. AC095024. The sequences were assembled to the predicted
human gene structure using the software program ClustalW (http://www.ebi.ac
.uk/clustalw/). The resulting assembly was used to design primers to porcine
CCL26, yielding a 510-bp sequence containing the entire predicted coding re-
gion. The open reading frame of porcine CCL26 is predicted to encode a
94-amino-acid protein that shares high amino acid identity and similarity with
canine (75%, 89%), bovine (72%, 85%), and human (65%, 77%}) CCL26 but only
limited amino acid identity and similarity to rat (44%, 65%) and mouse (41%,
58%) eotaxin-3-like proteins. For CCL11, bovine and human cross-reactive
primers generated a partial sequence (159 bp). For CCL17, canine and human
cross-reactive primers generated a partial sequence (179 bp). Rat, mouse, and
human cross-reactive primers were used to clone the full-length sequence (1,518
bp) for FOXP3. For CHIT1, CHI3L2, IL9, and RETNLB, human reference
sequences for each gene were BLAST searched against GenBank trace archives
containing porcine genomic DNA. Sequences were assembled to the predicted
human gene structure using the program ClustalW. PCR primers were designed
to the predicted sequences and were used to generate partial sequences corre-
sponding to the CHIT1 (186 bp), CHI3L2 (390 bp), IL9 (164 bp), and RETNLB
(220 bp) open reading frames from a mixed-tissue cDNA library.

BAL cell preparation and culture. The BAL cells were washed 2X with and
resuspended in RPMI 1640 medium (Gibco/Invitrogen, Gaithersburg, MD) with
5% heat-inactivated fetal bovine serum (HyClone, Logan, UT), and cell counts
and viability were determined after Trypan blue staining. A porcine alveolar
macrophage line, 3D4/21 (ATCC, Manassas, VA), was also tested. Cells were
suspended at 2.5 X 10° cells/ml of RPMI 1640 medium containing 5% heat-
inactivated fetal bovine serum, and 4 ml was added per well to a six-well plate
and then pretreated for 24 h with ethanol as a control, 100 nM ATRA, or 100 nM
of the RAR-a agonist, Am580. This was followed by treatment with 5 ng/ml
porcine IL4 (Biosource Invitrogen, Carlsbad, CA) or human IL13 (Biosource
Invitrogen) for 24 h. Cells were washed 2X with PBS without calcium or mag-
nesium and homogenized in 1 ml of Trizol (Invitrogen, Carlsbad, CA).

Flow cytometry. BAL cells were stained with specific monoclonal antibodies
against porcine macrophages (CD203a/SWC9) (clone 18-5, provided by Y. B.
Kim, Department of Microbiology and Immunology, The Chicago Medical
School), porcine granulocytes (CD172a/SWC3) (clone 74-22-15, provided by
Joan Lunney, ANRI, USDA), and IgG1 and IgG2b isotype controls (Serotec,
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Raleigh, NC). An isotype-specific (Fab’,) antibody labeled with fluorescein iso-
thiocyanate or R-phycoerythrin (Southern Biotechnology, Birmingham, AL) was
used as a secondary detecting antibody. After 15 min on ice, cells were washed
and resuspended in PBS-1% formaldehyde (Polysciences, Warrington, PA).
Independent gates for monocyte/macrophage and granular cells were used for
data collection from at least 10,000 events. The percentage of bound secondary
antibody was quantified using the Becton Dickinson FACSCalibur flow cytom-
eter (Becton Dickinson, San Jose, CA) and used to measure the relative per-
centage of positive SWC9 cells (macrophages) and positive SWC3 cells (granu-
locytes) using the CellQuest software program (Becton Dickinson).

ELISA measurements. Levels of IL1B, IL2, IL4, IL6, ILS, IL10, IL12p70,
IFN-y, and tumor necrosis factor alpha (TNF-a) in plasma were measured by
using the SearchLight porcine cytokine array enzyme-linked immunosorbent
assay (ELISA) (Pierce Biotechnology, Rockford, IL) according to the manufac-
turer’s instructions.

RNA extraction, cDNA synthesis, and real-time PCR analysis. Frozen 3-mm?>
tissue sections were rapidly homogenized in Trizol. RNA was extracted from
homogenized samples according to the manufacturer’s instructions. RNA integ-
rity, quantity, and genomic DNA contamination were assessed using the Agilent
Bioanalyzer 2100 and RNA 6000 Labchip kit (Agilent Technologies). RNA was
treated with DNase in the presence of RNase inhibitor and quantitatively re-
measured and ¢cDNA synthesized using Superscript reverse transcriptase and
oligo(dT) (42). All probes and primers were designed by using the Primer
Express software (Applied Biosystems, Foster City, CA) and sequences obtained
from GenBank or The Institute for Genome Research porcine expressed
sequence tag database. Primers and high-performance liquid chromatography-
purified, 5',6-carboxy-4,7,2',7'-tetrachlorofluorescein-, 3" Black Hole Quencher-
1-labeled fluorescent probes were synthesized (Biosource, Camarillo, CA). Real-
time reverse transcription (RT)-PCR was performed using a commercially
available kit (ABgene USA, Rochester, NY) using 75 ng/well of cDNA in 25 pl
on an ABI 7700 PRISM 7900 sequence detector system (Applied Biosystems,
Foster City, CA) or using 45 ng/well of cDNA in 15 ul on an ABI 7900 sequence
detector system (Applied Biosystems). A total of 170 or 80 genes were analyzed
by real-time RT-PCR in liver or lung tissue, respectively. The selected genes
were associated with the development of allergy or asthma, chemokines, re-
sponse to helminth infection, and/or development of Th1, Th2, or Treg cells. The
sequences of the assays and functional annotations are found in the supplemen-
tal material (see Table S2) and in our online database (http://www.ars.usda.gov
/Services/docs.htm?docid=6065). Data for gene expression in the liver were
adjusted for the housekeeping gene RPL32, while data for the lung and alveolar
macrophage experiments were adjusted for the housekeeping gene PPLA. House-
keeping gene-adjusted data were analyzed using the AAC; method (27), using
control pigs or untreated cells as the comparison group.

Statistics. All statistical analysis was performed using the Statview 5.0 software
program for Macintosh (Abacus Concepts, Berkeley, CA). Data were analyzed
for equality of variance using Fisher’s F test. If the variance was heterogeneous,
the appropriate transformation of the data was performed. Plasma cytokine,
hematological, and clinical chemistry values, eosinophil numbers, and tissue
mRNA expression (AAC;values) were evaluated by one-way analysis of variance
(ANOVA). Fisher’s least-squares difference posthoc test was applied to assess
differences between treatment groups and tissues. Simple regression analysis was
conducted using housekeeping-gene-adjusted C; values of CCL11 or CCL26 as
the independent variable and the BAL eosinophil percentage as the dependent
variable at 14 DAI. For all analysis, P values of <0.05 were significant and P
values between 0.05 and 0.1 were considered marginally significant (49).

Nucleotide sequence accession numbers. Sequences for CCL11 (accession
no. DQ640828), CCL17 (accession no. DQ640828), CCL26 (accession no.
NM_001078665), FOXP3 (accession no. NM_001128438), CHITI (accession
no. EF090909), CHI3L2 (accession no. EF090908), IL9 (accession no.
EF055899), and RETNLB (accession no. EF090907) were deposited in
GenBank.

RESULTS

ATRA increased Thl- and Th2-associated plasma cytokine
levels. Plasma IL4 levels were significantly elevated for the
infected pigs fed LD and HD ATRA at 7 DAI relative to those
for control pigs (Fig. 1). At 14 DAI, all pigs fed ATRA or
infected pigs had significantly elevated IL4 compared to that
for control untreated pigs. IL12p70 levels were not significantly
affected by infection or ATRA treatment alone at 7 DAI but
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were significantly (P < 0.05) increased in infected pigs given
LD ATRA. Plasma IFN-y and TNF-« levels were not affected
by infection or ATRA treatment at 7 DAI. At 14 DAI, ATRA
alone significantly (P < 0.05) increased IFN-y and TNF-a.
Infection with A. suum increased IFN-y and TNF-a (P < 0.05)
in pigs given LD ATRA.

ATRA increased infection-induced lung eosinophilia. There
was a significant (P < 0.05) induction of SWC3™" SWC9 ™~ cells
in BAL specimens from pigs infected with A. suum at 14 DAI
(Fig. 2A). LD and HD ATRA significantly (P < 0.05) aug-
mented this increase, although the percentage of eosinophils
was lower for the HD-ATRA pigs than for the LD-ATRA pigs.
LD ATRA was also effective at 7 DAI (Fig. 2B) in a replicate
experiment. The SWC3 antigen (SIRP-1a/CD172a) is also ex-
pressed by neutrophils, but Wright-Giemsa staining of fixed
BAL cells confirmed that the granulocytes in the BAL prepa-
ration from all infected pigs were largely eosinophils, with
<2% being neutrophils and lymphocytes (data not shown).

ATRA increased infection-induced expression of genes as-
sociated with inflammation, Th1, Th2, and Treg cells in liver
and lung tissue. Infection and ATRA induced the expression of
a very large number of the genes in the liver, with key groups of
genes highlighted in Fig. 3 and 4 (see Tables S3 [day 7] and S4
[day 14] in the supplemental material for complete details regard-
ing other genes measured in liver specimens). Infection and
ATRA altered the expression of several Thl-associated genes in
the liver. The expression of the Thl-associated genes, IFNG and
IL12B, was not significantly affected by infection or ATRA treat-
ment alone at 7 DAI but increased significantly (P < 0.05 and P <
0.005, respectively) in infected pigs given LD ATRA (Fig. 4). At
7 DAL, IL12A was significantly upregulated by HD ATRA alone
but was only marginally (P = 0.07) upregulated by LD ATRA for
infected pigs. These relationships were not observed at 14 DAI
The data for /L12B mRNA in liver specimens paralleled that for
IL12p70 protein found in plasma.

The expression of Th2-associated genes in the liver was
greatly influenced by infection and ATRA. At 7 DAI, samples
from uninfected pigs given LD ATRA showed increased liver
mRNA expression of /L4 (3.6-fold; P < 0.01) and IL13 (14.3-
fold, P < 0.005), while those from infected pigs showed signif-
icantly (P < 0.05) higher expression of IL4 (4-fold [P < 0.005])
and IL13 (20-fold [P < 0.005]), and infected pigs given LD
ATRA had higher levels of IL4 (8-fold versus the control level
[P < 0.0001] and 2-fold that for infected pigs [P < 0.05]) and
IL13 (61-fold versus the control level [P < 0.0001] and 3-fold
that for infected animals [P = 0.06]) (Fig. 4). In samples from
pigs given HD ATRA, IL4 and IL13 levels were significantly
(P < 0.05) higher than those for control pigs but nearly iden-
tical to those for infected pigs. IL5 and IL9 levels were unaf-
fected by infection or ATRA at either time point. Both GATA3
and STAT6 expression was significantly induced (P < 0.05 and
P < 0.001, respectively) for control pigs and infected pigs given
LD-ATRA at 7 DAI, and STAT6 expression was also signifi-
cantly (P < 0.05) enhanced due to infection and treatment with
HD ATRA. At 14 DAI, STAT6 expression was significantly
downregulated for infected pigs versus that for controls (P <
0.05). The expression of MAF did not change at either time.

In addition to Thl- and Th2-associated genes, infection
and/or ATRA induced Treg-associated gene expression in liver
tissue. The expression of FOXP3 was significantly induced (4.1-



VoL. 77, 2009 RETINOIC ACID ENHANCES IMMUNE RESPONSES TO A. SUUM 2579
Day 7 Day 14
2 1.8
A 187 p<0.05 B 5 A 1.6 4 P<001 [B 5
‘fl 1.6 1 [ ‘fl 1.4 4 B T
+ 1.4 AB Yo T B B
— _ T —_
£E 1'? | AB TAB E 17
g 8 - A 2 81 A
$ e ' $ ol
= 4 - = 4
o2} ! o))
9 2 o .27
0 o
Control Infected Control Infected
2 2
21.75 w [ 2175 4 p<O'OSTB . .
Ho1s ( Ho1s T
E1.25 [ E1.25 4 A8
2 1 2 1] [A A Treatment
T‘ .75 = 75 4
4 | Z i )
e s LS Corn QOil
<_3’ .25 5: 25
0 0
Control Infected Control Infected ATRA 100 ug/kg
1.6 1.4
B 141 p<oos ® i
» 1.4 }' B h 12 ATRA 1000 Ug/kg
? 1.2 ’_g 74 [
> 17 AB AB S 4 [ l
£ 1 I £ - [
. AB i
2 o] l* 14 R
Qo 4 N4y
% ] T
S S
Control Infected Control Infected
3.5 3.5
9) 5 ] [ 8 - p <0.05 TC
4] 1 [ W] BC Ac 1 ¢
E EC :
g) 2 g: 2 1 TA AB
; 1.5 ; 1.5 7
[T TR
g z
o .5 o .5
9 9
0 0
Control Infected Control Infected

FIG. 1. Treatment of pigs with ATRA increased plasma levels of IL4 and IL12p70 after inoculation with A. suum. The IFN-vy, IL4, IL12p70,
and TNF-a proteins were measured by ELISA in plasma taken from pigs 7 or 14 DAI with A. suum eggs. The results are expressed as the log of
the mean in pg/ml = SD from three pigs per group and were evaluated by one-way ANOVA. Treatment groups annotated with unique letters are
statistically different at P values of <0.05. Plasma IL4 levels were significantly (P < 0.05) elevated for infected pigs fed 100 pg/kg and 1,000 wg/kg
ATRA at 7 DAI relative to those for control pigs as determined by ANOVA. At 14 DAL, all pigs fed ATRA or infected pigs had significantly
elevated IL4 compared to the level for control untreated pigs. There was also a significant (P < 0.05) increase in IL12p70 for infected pigs given
100 pg/kg ATRA. At 14 DAI, ATRA alone significantly (P < 0.05) increased IFN-y and TNF-«. Infection with A. suum increased IFN-y and

TNF-a only (P < 0.05) for pigs given LD ATRA.

fold [P < 0.05]) by HD ATRA, by Ascaris infection (4.6-fold
[P < 0.01]), and by infection along with LD-ATRA treatment
(9.7-fold [P < 0.001]) (Fig. 4). The degree of FOXP3 induction
by Ascaris infection and LD-ATRA treatment was additive.
However, significantly increased TNFRSF18/GITR expression
was found only in infected and LD-ATRA-treated pigs (9.6-

fold over control level [P < 0.01] and 4.8-fold over level for
infected pigs [P < 0.05]). IL10 expression was unaffected by
infection or either dose of ATRA at both time points. TGFBI
expression was marginally increased by infection (1.8-fold [P =
0.06]); this difference reached full statistical significance (P <
0.05) only in LD-ATRA-treated pigs with and without infec-
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FIG. 2. Treatment of pigs with ATRA increased SWC3" eosino-
phils in lung tissue after inoculation with A. suum. BAL cells were
harvested at 14 DAL SWC3" SWC9™ cells were enumerated by flow
cytometry. Treatment groups annotated with unique letters are statis-
tically different as determined by one-way ANOVA at P values of
<0.05. Infection induced a significant increase in SWC3" SWC9 ™ cells
in BAL specimens from pigs infected with A. suum. LD and HD
ATRA significantly augmented this increase (A). Infection also in-
duced a significant accumulation of SWC3* SWC9~ cells in BAL
specimens from pigs infected with A. suum at 7 DAI in a replicate
study, and LD ATRA significantly augmented this increase (B).

tion. The expression of these markers was not statistically dif-
ferent at 14 DAI except for an increase in 7TGFBI expression
in HD-ATRA-treated pigs (P < 0.05).

Infection and ATRA induced the expression of CCR3- and
CCR4-associated chemokines in liver tissue. Expression of
CCL11 was increased (P < 0.05) sevenfold, and that of CCL26
(EOT?3) was increased fourfold for the infected pigs relative to
that for control pigs at 7 DAI (Fig. 3). The expression of
CCL11 (5-fold over that for infected pigs [P = 0.09]) and that
of CCL26 (8.6-fold over that for infected pigs [P < 0.01]) were
higher for pigs given LD ATRA. The expression of CCL1! for
infected pigs given HD ATRA was similar to that for infected
pigs. Expression of CCL26 for infected pigs given HD ATRA
was significantly (P < 0.05) different from that for control pigs
but only slightly higher than that for infected pigs. At 14 DAI,
CCL11 expression was increased for infected pigs, but this
difference was not statistically significant. It was significantly
(P < 0.01) upregulated 11-fold for infected pigs given LD
ATRA compared to the level for uninfected control pigs.
CCL26 was upregulated to a similar degree for infected pigs
given corn oil and LD ATRA but was lower for infected
pigs given HD ATRA. The expression of CCL24 was not
significantly affected by infection or ATRA.

CCL5 (RANTES) exhibited a significant (P < 0.05) two- to
threefold induction in samples from pigs give LD ATRA and
infected pigs given LD and HD ATRA. CCL28 (MEC) was
significantly (P < 0.05) upregulated twofold in samples from
infected pigs and infected pigs given LD ATRA. The ex-
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pression of the CCR4 ligands CCLI7 (TARC) and CCL22
(MDC) increased significantly (P < 0.05) only for the in-
fected pigs given LD ATRA compared to levels for unin-
fected pigs. Treatment of infected pigs with LD ATRA
selectively induced CCR3 and CCR4 ligands, since the ex-
pression of other CCL chemokines, CCL2 (MCP-1), CCL3
(MIP-1A), CCL4 (MIP-1B), CCL16 (LEC), CCL19 (MIP-
3B), CCL21 (SLC), and CCL23 (MPIF-1), did not change
(Fig. 3) (see Tables S3 and S4 in the supplemental material).
Furthermore, the expression of the CXCR3 ligands, CXCL10 and
CXCL11, did not differ between treatment groups at any time. In
contrast, CXCL9 (MIG), another CXCR3 ligand, was signifi-
cantly upregulated at 7 DAI by LD ATRA in infected pigs (P <
0.005). No changes in any CXC, CXCR, or CX3CR chemokines
were observed at 14 DAI (see Table S4 in the supplemental
material).

Mast cell- and eosinophil-associated gene expression in liver
was induced by infection and ATRA. Infected pigs had signif-
icantly higher expression levels of the mast cell-associated
markers, CMAI (P < 0.05), FCERIA (P < 0.005), HDC (P <
0.01), and TPSBI (P < 0.05) at 7 DAI, and infected pigs given
LD ATRA had marginally higher levels of TPSB1 (threefold)
than infected pigs (P = 0.1) (Fig. 3). The levels of FCERIA and
HDC were slightly elevated and that of CMA1 was lower for
this group than for infected pigs. In contrast, HD-ATRA-
treated pigs had levels of TPSB1 similar to those for infected
pigs. At 14 DAI, the expression of TPSB1 was higher for all
infected pigs; however, it was significantly different (6.9-fold
[P < 0.005]) only for infected pigs treated with LD ATRA
compared to results for control uninfected pigs.

The expression of the eosinophil-associated-marker, EPX, was
significantly (P < 0.05) upregulated in infected pigs (10-fold) and
infected pigs given LD ATRA (9-fold); however, expression in
pigs given HD ATRA increased only 4-fold and was not signifi-
cant (Fig. 3). Similarly, at 14 DALI, expression of EPX was signif-
icantly (P < 0.0005) upregulated in infected pigs (30-fold) and
infected pigs given LD ATRA (26-fold); however, expression in
pigs given HD ATRA increased 5-fold (P = 0.08). Finally, the
expression of the proinflammatory cytokine ILIB was signifi-
cantly (P < 0.005) increased in the liver tissue of infected pigs
treated with LD ATRA at 7 DAI (Fig. 3).

The expression of Thl- and Th2-associated genes in lung
tissue was greatly influenced by infection and ATRA. The
expression of key groups of genes is highlighted in Fig. 5 (see
Tables S5 [day 7] and S6 [day 14] in the supplemental material
for details on other genes measured). The expression of IFNG
was upregulated by LD ATRA, HD ATRA, infection alone,
and treatment of infected pigs with LD ATRA at 7 DAI (Fig.
5) (see Table S5 in the supplemental material). There was no
significant change in expression of other Thl-associated genes
at 7 or 14 DAI. The expression of IL4 and IL13 was each
significantly (P < 0.005 and P < 0.0005, respectively) upregu-
lated (four- and eightfold) by LD ATRA for infected pigs at 7
DAI IL4 was also upregulated threefold for infected pigs
given HD ATRA (P < 0.05). IL5 was upregulated for infected
pigs given LD ATRA (P = 0.07). At 14 DAI, the expression of
IL4, IL5, and IL13 was significantly upregulated only for corn
oil-treated infected pigs. GATA3 expression was significantly
induced (P < 0.05) only for infected pigs given LD ATRA at
7 DAL
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FIG. 3. Expression of chemokines, eosinophil/mast cell, and inflammatory genes in the livers of pigs infected with 4. suum and treated with
ATRA. Real-time PCR detection of mRNA expression (C; values) for CCR3 and CCR4 ligands and selected genes associated with eosinophils,
mast cells, and inflammation in the liver at 7 and 14 days after inoculation was evaluated by one-way ANOVA. n-fold changes relative to results
for control pigs are designated by color differences, defined in the figure insert, and statistical significance by A (P < 0.05) or B (P < 0.01).

The expression of a select group of chemokines and inflamma-
tion-associated markers was induced by infection and ATRA in
lung tissue. At 7 DAI, CCLI1 was highly upregulated (40- to
55-fold) in the lungs of all infected pigs regardless of the ATRA
dose (Fig. 5). In contrast, CCL26 was upregulated 10-fold (P <
0.05) for infected pigs and 32-fold (P < 0.005) for infected pigs
given LD ATRA; the increase for infected pigs given HD ATRA
was not significant. At 14 DAL, CCL11 expression was upregu-
lated approximately 8-fold for infected pigs (P = 0.06) and in-
fected pigs treated with HD ATRA (P < 0.05); however, it was
14-fold higher than that for controls for pigs treated with LD
ATRA (P < 0.05). CCL26 expression was upregulated approxi-
mately twofold for infected pigs and infected pigs treated with
HD ATRA (both not significant); however, it was expressed at
fourfold above the control level for pigs treated with LD ATRA
(P < 0.05). Due to limited amounts of RNA isolated from lung
tissue compared to that from liver tissue in this experiment,
CCL17 and CCL22 expression was not examined. At 7 DAI,
expression of the inflammation-associated genes /LB and IL6
was significantly (P < 0.005 and P < 0.0005, respectively) upregu-
lated threefold by LD ATRA for infected pigs.

Regulation of CCL11, CCL17, and CCL22 and CCL26 ex-
pression by IL4 and ATRA in alveolar macrophages. We spec-
ulated that alveolar macrophages activated by Ascaris-induced
endogenous 114 and IL13 production in the lung could interact
with exogenous ATRA to produce chemokines that contributed
to eosinophil infiltration of BAL during Ascaris infection. The
hypothesis was tested using both explanted primary alveolar mac-
rophages isolated from untreated control pigs and an alveolar
macrophage cell line, 3D4/21. Cells were pretreated for 24 h with
100 nM ATRA and then with IL4 to approximate the sequence of
exposure in the in vivo model. ATRA increased basal and IL4-
induced CCL17 and CCL22 expression (Table 1) in both cell
populations. We obtained similar results with the RAR-a agonist
Am580 (data not shown).

DISCUSSION

The role of retinoids or VA in the functional development
and recruitment of eosinophils is confounded by data from a
variety of both in vitro (30, 34, 39) and in vivo (8, 17, 53)
studies. Our studies demonstrated that oral ATRA supple-
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FIG. 4. Expression of Thl, Th2, and Treg genes in the liver tissue of pigs infected with A. suum and treated with ATRA. Real-time PCR
detection of mRNA expression (C; values) for selected genes associated with Th1 or Th2 cells or Tregs in the livers of pigs infected with 4. suum
and treated with two different doses of ATRA is shown. Tissue mRNA expression (C; values) at 7 or 14 days after inoculation was evaluated by
one-way ANOVA. n-fold changes relative to results for control pigs are designated by color differences, shown in the figure insert, and statistical

significance by A (P < 0.05) or B (P < 0.01).

mentation in the presence of a strong natural inducer of
eosinophilia enhanced eosinophilic infiltration into the lungs
commensurate with increased cytokines and chemokine li-
gands and receptor gene expression detected in lung paren-
chymal tissue.

We previously showed that pigs infected with A. suum de-
veloped a Th2-associated response characterized by increased
IL4 and IL13 mRNA levels in multiple tissues (10) and that
ATRA increased expression of /L4 and ILI3 in human T cells
activated with anti-CD3 in vitro (9). Our current study showed
that feeding ATRA to pigs stimulated expression of /L4 and
IL13 mRNA in the liver, enhanced the A. suum-induced in-
crease in mRNA of these two cytokines in liver and lung, and
increased circulating levels of the IL4 protein. This observation
is consistent with increased fecal IL4 in children who were
infected with A. lumbricoides and supplemented with VA (39).
The elevation in /L4 and IL13 mRNA in the liver tissue of
uninfected ATRA-treated pigs may represent enhanced re-
sponses to background stimulation by food antigens and mi-
crobial products derived from the intestine.

CCR3 is a promiscuous chemokine receptor that has 11
reported ligands, including the CCR3 exclusive ligands CCL11,
CCL24, and CCL26 (40). These three chemokines are potent
eosinophil chemoattractants. Pigs treated with LD ATRA had
significantly increased mRNA for CCL11 and CCL26 in liver
tissue at 7 DAI and in lungs at 14 DAI, times when eosino-
philic lesions due to migrating larvae are prominent. In fact,
regression analysis revealed a highly significant relationship
between CCL1I (P = 0.002; * = 0.61) and CCL26 (P =
0.0015; * = 0.48) expression in the lungs of A. suum-infected
pigs and the percentage of eosinophils in the BAL specimens
by flow cytometry. Only LD ATRA, however, induced CCL26
to a level above that found in infected pigs in liver and lung
tissue at 7 and 14 DAL It is likely that ATRA increased these
chemokines through expression of increased levels of IL4 and
1L 13, because IL4 and IL13 induced the expression of CCL26
in a porcine epithelial cell line (H. Dawson, unpublished) and
CCL11 and CCL26 in explanted porcine alveolar macrophages
and a porcine alveolar macrophage cell line. We have also
observed increased expression of CCL11 and CCL26 in alve-
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FIG. 5. Expression of selected CCR3 ligands and selected genes associated with eosinophils, mast cells, inflammation, and Th1-, Th2-, or Treg
cells in the lung of pigs infected with A. suum and treated with two different doses of ATRA. Tissue mRNA expression (C; values) at 7 or 14 days
after inoculation were evaluated by one-way ANOVA. n-fold changes from results for control pigs are designated by color differences, shown in
the figure insert, and statistical significance by A (P < 0.05) or B (P < 0.01).

olar macrophages isolated from pigs infected with A. suum (G.
Solano-Aguilar et al., unpublished).

The CCR4 ligands, CCL17 and CCL22, were upregulated in
the liver by LD ATRA in A suum-infected pigs at 7 DAIL
CCL17 and CCL22 are induced by IL4 and IL13 in various cell
types and are associated with Th2 cells and eosinophilic infil-
tration into the human lung (30, 38). We observed that IL4 and
IL13 induced the expression of CCLI7 and CCL22 in porcine
alveolar macrophages. We have also observed increased ex-
pression of CCL17 in macrophages isolated from pigs infected
with 4. suum (Solano-Aguilar et al., unpublished) and in the
eosinophilic conjunctiva of Trichuris suis-infected pigs immu-
nized and challenged with ragweed in the eye (J. F. Urban et

al., unpublished) suggesting that nematode infection generally
activates these chemokines in pigs.

The localized amplification of Th1-, Th2-, Treg-, and inflam-
mation-associated hepatic and pulmonary immune responses
in Ascaris-infected swine was observed by examination of the
mRNA levels at the whole-tissue level so potential cell-derived
mechanisms could not be directly explored. We did, however,
observe increased production of the CCR4 ligands CCL17 and
CCL22 when macrophages were pretreated with ATRA and
increased expression of the CCR3 ligands CCL11 and CCL26
due to treatment with IL4. A comprehensive evaluation of
nutritional regulation of alternatively activated macrophage
development has not been described. Data presented in this
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TABLE 1. Synergistic induction of CCR4-binding chemokine mRNAs by IL4 and ATRA®

mRNA expression

mRNA expression

Chemokine Primary M® t’reatment D4/21 cell treatment
(e = 5p) PO e s Cr (e = 5p) Tl e

CCL11 Control 27.1 £1.2° 1.0 Control 22.1 £0.3* 1.0
ATRA 26.8 = 1.0* 1.3 ATRA 21.7 £ 0.1* 1.4
L4 14.4 + 0.6° 7,131 L4 10.8 = 0.9° 2,352
IL4/ATRA 13.1 = 0.6° 17,560 IL4/ATRA 10.5 + 0.1° 3,104

CCL26 Control 23.6 = 1.3% 1.0 Control 21.7 £ 0.9* 1.0
ATRA 22.8 +1.3% 2.5 ATRA 21.6 = 0.1* 1.0
L4 15.6 + 2.0° 247 L4 122 +0.9° 676
IL4/ATRA 13.6 £ 2.5° 1,024 IL4/ATRA 12.2 £ 0.1° 724

CCL17 Control 10.5 = 1.4 1.0 Control 20.9 = 0.3* 1.0
ATRA 8.8 +0.7° 3.1 ATRA 19.5 = 0.6° 2.7
1L4 8.9 = (.8° 3.0 114 16.9 = 0.6° 16.0
IL4/ATRA 7.5 £ 0.6° 8.0 IL4/ATRA 14.9 + 0.59 69.0

CCL22 Control 7.7 = 0.9* 1.0 Control 16.0 = 0.3* 1.0
ATRA 6.1 = 0.6° 32 ATRA 14.8 = 0.7° 2.3
1L4 7.1 0.8 1.6 114 14.9 = 0.8° 2.1
IL4/ATRA 5.5 £0.5¢ 4.6 IL4/ATRA 13.5 = 0.4° 5.7

“ Lung-adherent macrophages isolated from BAL cells of uninfected pigs or the macrophage cell line D4/21 were treated with or without ethyl alcohol or 107¢ M
ATRA for 18 h and then treated with 5.0 ng/ml of porcine IL4 for 24 h. Data were normalized to the housekeeping gene PPIA. Groups were compared by one-way

ANOVA.

b Explanted primary alveolar macrophages isolated from untreated control pigs.

article indicated that ATRA, likely acting through RAR-a,
caused alveolar macrophages to assume an alternatively acti-
vated macrophage-like phenotype in vitro. This likely contrib-
uted to the recruitment of CCR3- and CCR4-expressing cells,
such as Th2 cells, eosinophils, and Treg cells. Given that
ATRA also increased the synthesis of IL4 and IL13 from Th2
cells (9), these data suggested that a localized positive ampli-
fication circuit involving T cells, macrophages, and ATRA ex-
ists at the site of Th2-dependent responses.

Among all of the known eosinophil chemoattractants,
CCL26 or eotaxin 3 is most consistently associated with late-
phase tissue eosinophilia (6, 39). Given the prominent role that
eosinophil migration into pulmonary tissue plays in asthma,
allergy, and nematode parasite infection, the pig can serve as a
useful model for studying allergic diseases mediated by CCL26
in humans, since rodents lack a direct functional homologue of
CCL26 (31). Furthermore, these data suggest that VA status
can contribute to enhanced expression of allergic disease in the
lungs.

STATS6 is a critical transcription factor involved in Th2-
associated responses (17). STAT6 knockout mice are suscep-
tible to nematode infections (51) and resistant to experimen-
tally induced asthma (32). Increased mRNA expression of
STATG is observed in the bronchial epithelium of patients with
severe asthma (33). In addition, a variant in the regulatory
elements of the STAT6 gene is associated with susceptibility to
asthma and resistance to A. lumbricoides (14, 37). STAT6 ex-
pression was significantly induced by LD ATRA in control pigs
and increased by both doses of ATRA in the livers of infected
pigs. The expression of most STAT6-dependent genes, CCL11,
CCL17,CCL22, CCL26, IL4, and IL13, paralleled STAT6 ex-
pression in the liver. The liver cell type(s) that exhibits in-
creased STAT6 expression was not identified in this study;
however, increased STAT6 expression is a characteristic of
ATRA-treated human T cells (9).

The absence of significant ATRA induction of /L5 mRNA in

the liver and lungs of A. suum-infected pigs was surprising
given that ATRA enhanced IL5 production during polyclonal
activation of human (9) and mouse (22) T cells and in the
spleen of tetanus toxoid-immunized neonatal mice (29). The
increase in /L5, however, is more tissue restricted in A. suum-
infected pigs than is the case for IL4 and IL13 (10), and
pulmonary eosinophilia at 7 and 14 DAI appeared to be inde-
pendent of changes in IL5 (13).

It is notable that the mast-cell activation marker T7PSBI (7)
was increased in parallel with /L4 and IL13. Perhaps ATRA
primed or stimulated mast cells to be more responsive to par-
asite-derived products. Unlike the case for most inbred mouse
strains maintained in closed facilities, there are appreciable
numbers of mucosal mast cells in uninfected pigs maintained in
confined pens without exposure to helminth infection that
could account for ATRA-induced mast cell markers (50). In
addition, intestinal mucosal mast cells increased following ex-
posure to A. suum and released histamine after exposure to
parasite-derived antigens via antibody-dependent cross-linking
of surface receptors (3). Other investigators have shown that
topically applied ATRA increased the number of tryptase-
positive mast cells in the skin but had no effect on tryptase- and
chymase-double-positive mast cells (19).

The increased expression of Thl-associated markers, IFNG,
IL12B, and TBX21, at 7 DAI accompanied higher expression
of the Th2-associated genes in liver tissue of ATRA-treated
pigs. These data contrast with ATRA-induced downregulation
of TBX21 and 9-cis-RA-induced downregulation in human T
cells and reduced Tbx21, Ifng, and I112b mRNA in the spleens
of mice treated with a viral RNA mimetic, poly(I:C), and
ATRA (28). These differences, however, may be a function of
systems that differ in the nature of the stimulation, the host
species, and the experimental context.

We observed an increased expression of the Treg-associated
mRNAs TNFRSFIS/GITR and FOXP3 (20) in the livers of
LD-ATRA-treated pigs but no change in TGFBI and IL10. In
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humans but not in rodents, TNFRSF18/GITR and FOXP3 are
expressed by activated T cells (56). We have observed an in-
crease in FOXP3 mRNA and protein in activated porcine T
cells (H. Dawson, unpublished), suggesting another useful ex-
perimental parallel between pigs and humans. Both
TNFRSFIS/GITR and FOXP3 were significantly increased in
the lungs of pigs treated with LD ATRA and infected with A.
suum at 7 but not 14 DAL It has not been demonstrated that
these changes are due to T cells in the lungs, but there is rapid
tissue remodeling in both the liver and lungs following exit of
larvae from the tissues that may be associated with increased
Treg activity to reduce inflammation. The increased expression
of the inflammation-related genes ILIB and IL6 in the lungs of
infected pigs treated with LD ATRA, however, is indicative of the
early proinflammatory response to migrating larvae that is en-
hanced by treatment with ATRA.

In conclusion, we observed an increased expression of mark-
ers for Thl, Th2, regulatory T cells, and inflammation in liver
and lungs of Ascaris-infected pigs treated with ATRA and an
increase in BAL eosinophilia. These changes indicated a ro-
bust immune response appropriate to controlling pathogens
that require both arms of the immune system and regulatory
signals that limit inflammation as migrating larvae leave the
tissue site. The changes in immune function observed in this
study are physiologically relevant, since the most active dose of
ATRA used (0.1 mg/kg) is below that generally used (1 to 50
mg/kg) for in vivo studies with rodents and more consistent
with the treatment doses administered to VA-deficient humans
in developing areas of the world (4, 28, 41). Furthermore, two
different doses of ATRA elicited differential effects on several
distinct immune parameters. Taken together, these data could
help explain the often confounding and contradictory re-
sponses observed in inbred rodent strains supplemented with
VA and other retinoids compared to responses seen in hu-
mans.
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