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Abstract

IL-4 and IL-13 are multi-functional cytokines with overlapping roles in the host defense against infection. Equally important

in the regulation of IL-4 and IL-13 are their associated receptors. Though, their functional receptor complexes and signaling

pathways are intricate and in some cases, share common elements, the specificity of the responses, nonetheless, resides in the

structure and binding of the a-chain components. This report presents the cloning of the swine receptors IL-4Ra and IL-13Ra1

and the effects of parasite infection on their transcription. Pairwise alignment of predicted amino acid sequences indicates that

the swine IL-13Ra1 is 86, 83, and 72% similar to canine, human and mouse sequences, respectively. Amino acid sequence

conservation is appreciably lower between the swine IL-4Ra sequence and those from equine (72%), human (66%), and mouse

(49%); however, noteworthy similarities were observed in their overall predicted secondary structures predominantly among the

swine, equine, and human homologues. Relative levels of receptor mRNA in tissues from swine experimentally infected with the

protozoan, Toxoplasma gondii (T. gondii) or the nematodes Ascaris suum (A. suum) or Trichuris suis (T. suis), which are known

to induce Th1 or Th2 host responses, respectively, were measured by real-time PCR. Results indicated that within 14 days

following infection, overall mRNA levels for IL-4Ra and IL-13Ra1 were elevated in T. gondii-infected animals and reduced in

A. suum-infected animals. Levels of swIL-4Ra and swIL-13Ra1 mRNA in T. suis-infected animals varied coincidentally with

the course of the infection and the location of the analyzed tissue.
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1. Introduction

Interleukins 4 and 13 are Th2-derived pleiotrophic

cytokines which elicit both anti-inflammatory and pro-

inflammatory immune responses. Their overlapping

roles in regulating B-cell development and effecting

IgE-mediated allergenic responses, as well as their

effects on monocytes and epithelial cells have been

well documented. Amidst their functional and struc-

tural similarities, and their physical links to chromo-

some 5q31 (human), there exist a number of

differences, most notably in the kinetics of mRNA

transcription and protein secretion, their dependency

on different transcription factors, the nature of pro-

duction among T-cell subsets, and the inability of IL-

13 to activate human or mouse T cells.

While IL-4 and IL-13 have been implicated as

important mediators of the asthmatic phenotype, treat-

ment with IL-4 has also been shown to play a role in

eliminating nematode infections involving Heligmo-

somoides polygyrus (Urban et al., 1991; Svetić et al.,

1993), Nippostrongylus brasiliensis (Urban et al.,

1995), and Trichuris muris (Else et al., 1994) via a

type-2 cytokine response. Down-regulation of IL-13

using rIL-18 has also been linked to exacerbation of

gastrointestinal nematode infections (Helmby et al.,

2001). Conversely, the presence of IL-4 or IL-13 in

sufficient amounts to abate IFN-g production has been

shown to enhance protozoan infections dependent

upon a Th1-type cytokine response for clearance

(Heinzel et al., 1989; Chaves et al., 2001); however,

current research points to the capacity to produce IFN-

g rather than the presence of IL-4 as a key factor in

host resistance to some protozoan parasites (Lehmann

et al., 2000). Still, kinetic data from two distinct

bovine models of infection involving Onchocerca

ochengi and Mycobacterium tuberculosis, and the

dichotomy of concurrent synthesis of IL-4 and IFN-

g, suggest that polarization of the immune response

may be more evolutionary than static, and that the

timing of cytokine production or experimental treat-

ment can have as great an impact on polarizing the

host responses as its presence or absence (Rhodes and

Graham, 2002).

Similarities in overlapping functions of IL-4 and IL-

13 have led to investigations of their receptor com-

plexes (IL-4R, IL-13R). In mouse and human, both

receptors are multivalent. Generally, IL-4R signal

transduction requires a heterodimeric receptor com-

plex consisting of both the high-affinity-binding a-

chain, and a low-affinity, trans-activating g-chain;

however Lai et al. (1996) and Fujiwara et al. (1997)

demonstrated that homodimers of IL-4Ra are capable

of generating intracellular biochemical signals. In

non-hematopoietic cells, which lack the g-chain, the

IL-13Ra1 has been shown to be a functional accessory

component of the IL-4Ra complex (Murata et al.,

1998). Numerous gene variants of the IL-4Ra chain

have been identified, but to date, their functional

associations with variations in signal transduction

have been tenuous.

Though originally thought to share the common

chain with the IL-4Ra and with portions of IL-2, IL-7,

IL-9, and IL-15 receptors, the role of IL-13Ra has

been somewhat more elusive. It is now believed that

IL-13 mediates its effects on the cell through an

intricate receptor system, which can involve one of

two cell surface proteins, IL-13Ra1 or IL-13Ra2, as

well as the IL-4Ra chain, despite the low affinity of

IL-4Ra for IL-13. Alone, neither IL-13Ra1 (low-

affinity binding) nor IL-13Ra2 (high-affinity binding)

affect signal transduction upon association with IL-13;

however, in the cloning of the human IL-13aR, Aman

et al. (1996) observed that IL-13Ra1 and IL-4Ra form

a high-affinity heterodimer capable of transducing IL-

4- or IL-13-dependent proliferative signals. Others

have proposed a more elaborate IL-13R signaling

pathway consisting of no less than four distinct types

of receptor complexes (Obiri et al., 1997). These data

suggest that interactions between IL-4 or IL-13 and

their corresponding receptors, or in the formation of

chimeras involving heterologous receptor molecules,

are part of an intricate network for cell activation and

regulation.

In 1987, Mosmann et al. discovered that the ability

of human and mouse IL-4 to stimulate T cells was

species-specific. Bonsch et al. (1995) later demon-

strated that the human and mouse IL-4Rg chains

interact with their IL-4 counterparts in a fashion

geometrically distinct from one another. Recently,

in a murine B cell line transfected with either or both

the human IL-4Ra or IL-13Ra1 genes, Andrews et al.

(2001) showed that the heterodimeric interaction

between the subunit receptors and their ability to

respond to IL-13 was species-specific. These data

imply that deciphering the roles of the IL-4 and
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IL-13 receptors in the regulation of immunity to

infection are better conducted in their natural hosts.

This is of particular importance in light of the multi-

functional role that their corresponding soluble recep-

tors can play in regulating IL-4 and IL-13 activities

(Sato et al., 1993; Zhang et al., 1997).

Substantial work has been performed using the

mouse model to investigate immunity to parasitic

infections and in predicting Th1 and Th2 responses

in heterologous systems. Within swine, evidence has

been advanced suggesting some unique characteristics

within the IL-12 pathway. Solano-Aguilar et al. (2002)

found that lymphoblast cells were not discernibly

stimulated when treated prophylactically with recom-

binant swine (sw) IL-12 and that mRNA for the swine

receptor subunit, swIL-12Rb2, was not substantially

up-regulated during the early course of a protozoal

infection. It was determined that substantially lower

numbers of swIL-12Rb2 were present on immune

T-cells relative to the bovine system, suggesting a

concomitant or possibly delayed mechanism for

invoking an IFN-g response. Given the potential for

anomalies within the IL-12/IL-12Rb2 pathway in

swine, the reciprocal relationship between IL-4/IL-

13 levels and the production of IFN-g, and the inter-

play between membrane-bound and soluble receptors

as agonists and/or antagonists of specific immune

responses, it is important to obtain a holistic view

of immune regulation by studying not only important

cytokines, but their receptors as well. Herein, a char-

acterization of the genes encoding the swIL-4Ra and

the swIL-13Ra1 is presented. In addition, changes in

tissue mRNA levels of these molecules are assessed by

real-time PCR in animals experimentally-infected

with the protozoan Toxoplasma gondii (T. gondii) or

the nematodes Ascaris suum (A. suum) or Trichuris

suis (T. suis) which are capable of eliciting Th1- or

Th2-type host responses, respectively.

2. Materials and methods

2.1. Tissue preparation

Whole blood was obtained from pigs at the time of

sacrifice. Bronchial alveolar lavage (BAL) was per-

formed immediately after killing. Peripheral blood

mononuclear cells (PBMCs) were isolated by Histo-

paque (Sigma, St. Louis, MO) density gradient cen-

trifugation followed by treatment with ammonium

chloride (ACK) lysis solution (Biofluids, Gaithers-

burg, MD) to eliminate the remaining erythrocytes.

The isolated cells were subsequently washed two

times in PBS, resuspended in Trizol (Invitrogen,

Gaithersburg, MD), and vigorously pipetted until all

cells were lysed. Other tissues were excised at desig-

nated time intervals and immediately flash frozen in

liquid N2. For cloning receptor cDNAs, PBMCs were

first cultured for 48 h in the presence of Con A (5 mg/

ml) and swIL-4 (10 mg/ml) prior to RNA isolation.

2.2. Animal infections

Seven-week-old Yorkshire–Polland China pigs

were given either 4.5 � 105 oocysts of the feline-

derived VEG strain of T. gondii (Solano-Aguilar et al.,

2001), or a total of 105 infective A. suum eggs (Daw-

son et al., 2004a). In the case of T. suis infections,

cross-bred Yorkshire–Danish Landrace–Duroc pigs of

both sexes and approximately 10 weeks of age were

each given 5000 embryonated eggs (Burden and

Hammet (1976). Pigs were killed at indicated times

post-infection, and appropriate tissues were processed

for RNA isolation. Sampling periods were determined

from historically defined points in the parasite infec-

tion processes, which are not necessarily congruent

between parasite groups. T. gondii-infected animals

were sampled at 7 and 14 days after infection (DAI), at

which times clinical signs of infection peak and abate,

respectively. Ascaris suum-infected animals were

sampled at 14 and 21 DAI coinciding with early L4

development in the intestine, and expulsion or spon-

taneous cure of non-infectious worms, respectively

(Dawson et al., 2004a). For T. gondii and A. suum

infections, n ¼ 4 and n ¼ 3, respectively, for both

infected and control groups.

Samples from T. suis-infected animals were taken

only from tissues germane to the infection and at 2 week

intervals beginning with week 1, in order that the

kinetics of the response might be holistically evaluated

throughout the course of exposure to the parasite. The

numbers of infected and control animals varied as

follows: week 1, proximal colon mucosa (PCM) and

colonic lymph node (CLN), n ¼ 6 for all control and

infected groups; week 3, PCM control n ¼ 3, infected

n ¼ 5; CLN, n ¼ 6 for both control and infected groups;
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weeks 5 and 7, PCM and CLN n ¼ 6 for all control and

infected groups; week 9, PCM control, n ¼ 3, infected

n ¼ 6, CLN n ¼ 6 and n ¼ 5 for control and infected

animals, respectively; week 11, PCM and CLN, n ¼ 10

for all control and infected groups.

2.3. RNA isolation, cDNA synthesis and cloning

receptor cDNAs

RNA was extracted from tissues and cells using

Trizol as previously described (Solano-Aguilar et al.,

2001). For tissues snap frozen in liquid nitrogen,

approximately 30 mg samples were ground to a fine

powder by mortar and pestle also in the presence of

liquid nitrogen. The resultant powder was resuspended

in the guanidinium-based lysis buffer and further

homogenized by passing five times through a 21-G

syringe needle. RNA samples were DNase-treated

(Solano-Aguilar et al., 2001) and assessed for integrity

and concentration using the Agilent Bioanalyzer 2100

and RNA 6000 Labchip kit (Agilent Technologies,

Palo Alto, CA). cDNAs were synthesized using Super-

script II reverse transcriptase (Invitrogen, CA) and

oligo dT as described (Solano-Aguilar et al., 2001),

and used both for cloning receptor sequences and for

real-time PCR.

Given the large size of the orthologous mammalian

receptor genes and the potential for PCR artifacts, the

derived sequences were generated in segments from

multiple PCR amplifications using cDNAs as tem-

plates, beginning with internal regions of each receptor

using human IL-4Ra forward (50-TTGTTCACC-

TTTGGACTGGACAGGGAG) and reverse (50-CAG-

GTGGCAGGTAAGGGCTGAGTAGAC) primers, or

bovine IL-13Ra1 forward (50-CCACCTGTGA-

CAAATTTGAGTGTCTCTG) and reverse (50-TGT-

CTCAGCGTGGCTGTTAATGACTTCTACTTC) pri-

mers. Terminal sequences were obtained by 50 and 30

RACE. PCR reactions were performed in 50 ml with

Advantage 2 Polymerase (BD Biosciences, CA), as

recommended by the manufacturer using 0.25 mM of

each primer. All amplified fragments were gel-purified

using QuiaquickTM and cloned into pCR2.1 by TA

overhangs. For each receptor, a consensus sequence

was generated from computer alignment of three

sequences and identifying base-pair congruence

between three or more clones at any given locus.

Predicted amino acid sequences were aligned with

previously generated IL-4R sequences from human

(CAA36672), murine (AAB59727), and equine

(AAL87462), and with IL-13Ra1 sequences from

human (AAB37127), murine (O09030), and canine

(AF314532) using Clustal W (v 1.60). Secondary

structure calculations for swIL-4Ra amino acid

sequences were performed according to an improved

version of the self-optimized prediction method

(SOPMA) using default parameters (Combet et al.,

2000).

2.4. Real-time PCR analysis of swIL-4Ra and

swIL-13Ra1 mRNAs in swine tissue

cDNA equivalent to 100 ng RNA/well was used for

each PCR amplification. All probes and primers for

real-time PCR were designed using the Primer Express

(Applied Biosystems, Foster City, CA) software pack-

age. Probes and primers were obtained from Biosource

(Camarillo, CA). The sequences and optimum concen-

trations are as follows: IL-4Ra, 50-GCAGCGG-

CATTGTCTATTCA (sense, 300 nM), 50-TCGTCTT-

GGCCGTGACACT (antisense, 900 nM), 50-6FAM-

CGTTTGGCACAACCTGCGCTACATG-TAMRA

(probe, 200 nM); IL-13Ra1, 50-CGAGTCTGCTGT-

TACTGAGCTACAA (sense, 300 nM), 50-TCCAGG-

GAGCCAGGTACACT(antisense,900 nM),50-6FAM-

CGTTTGGCACAACCTGCGCTACATG-TAMRA

(probe, 200 nM).

PCR was performed using a commercially available

kit (Brilliant Core Reagent kit, Stratagene, La Jolla,

CA) on an ABI PRISM 7700 Sequence Detector

System (Applied Biosystems, Foster City, CA) as

described (Dawson et al., 2004a,b). Because consider-

able variation was found in the levels of numerous

housekeeping genes resulting from different infec-

tious agents (data not shown), gene-expression data

was normalized to the constant amount of RNA/cDNA

amplified. This method has recently been proposed as

the most reliable means of standardization for relative

quantitation of mRNA expression by real-time PCR,

provided an accurate measurement of total RNA (i.e.

via Agilent Bioanalyzer) can be made (Bustin, 2002).

2.5. Statistical analysis

All statistical analyses were performed using Stat-

view 5.0 for Macintosh (Abacus Concepts, Berkeley,
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CA). Data were analyzed for equality of variance

using Fisher’s F test. If the variance was heteroge-

neous, the appropriate transformation of the data was

performed. All mRNA-expression levels (Ct values)

were evaluated by one-way ANOVA to examine the

effect of infection. A P < 0.05 was considered statis-

tically significant for all analyses.

3. Results

3.1. Cloning and analysis of swIL-4Ra and

swIL-13Ra1 cDNAs

Predicted amino acid sequences for swIL-4Ra and

swIL-13Ra1 cDNAs and their alignments with ortho-

logous mammalian sequences are shown in Figs. 1 and

2, and are encoded by cDNAs with open-reading

frames of 2493 bp (accession no. AY266143) and

1272 bp (accession no. AY266142), respectively.

The swIL-4Ra was generated by PCR in four seg-

ments and subsequently assembled into a contiguous

clone. Segment 1 spanned an internal Pst I site at bs

2038 and the translation stop site; segment 2 extended

from the Pst I site to an internal Bam HI site at bs 1377;

segment 3 required the inclusion of a synonymous

base change at bs 402 to create an Sst I site, and

stretched to the Bam HI site, and segment 4 spanned

the translation start site and the newly created Sst I site

(data not shown). The substantially higher level of

mRNA expression and the shorter sequence length

permitted cloning of the swIL-13Ra1 as a single

product. Sequences shown in Figs. 1 and 2 are con-

sensus data from three or more clones from each

amplified fragment.

Both receptor sequences exhibited the WSXWS

motif common to type-1 cytokine receptors. In addi-

tion to this motif, Bazan (1990) proposed that certain

C residues involved in disulfide bridge formation are

conserved within many receptor complexes. A puta-

tive disulfide bridge within a C[X9/10]CXW was found

in both receptors beginning with C41 in swIL-4Ra and

C131 in swIL-13Ra1. In addition, a C82-C94 bridge

in swIL-4Ra and C170-C182 bridge in swIL-13Ra1,

which are spatially conserved with respect to their

homologous C[X9/10]CXW motifs, were also found

within the extracellular domains of both the a- and a1-

chain receptors from all analyzed species.

Comparison of the swIL-13Ra1 sequence to the

predicted amino acid sequences from canine, human

and mouse indicated similarity indices of 86, 83, and

72%, respectively. In contrast, when the swIL-4Ra
was aligned with equine (72%), human (66%) and

mouse (49%), substantially lower levels of congru-

ence were observed, in particular, with the mouse-

derived sequence.

3.2. Receptor mRNA-expression levels

When mRNA levels of both swine receptors were

examined in tissues from animals infected with T.

gondii, the swIL-4Ra was significantly up-regulated

in the mesenteric lymph nodes (MLN), (CLN), MLN,

and jejunal Peyer’s patches (PP), slightly up-regulated

in the spleen, and moderately down-regulated in the

jejunum and thymus at 7 DAI (Fig. 4). SwIL-13Ra1

was similarly up-regulated in the CLN and MLN at 7

DAI, but contrary to the swIL-4Ra, significant up-

regulation was observed in the thymus that continued

through 14 DAI.

Within A. suum-infected animals, swIL-4Ra mRNA

levels were up-regulated 14 DAI in the ileum and

slightly down-regulated in the ileocecal PP, MLN,

jejunum, and thymus (Fig. 4). This same profile

remained relatively consistent at 21 DAI. Expression

of the swIL-4Ra mRNA in BAL cells was detected in

all control animals but was undetectable after 40

amplification cycles in 3/3 infected animals at 14

DAI and in 2/3 animals at 21 DAI. At 14 DAI,

swIL-13Ra1 mRNA was significantly up-regulated

in the ileum and down-regulated in the ileocecal PP

and jejunum. In addition, at 21 DAI swIL-13Ra1

levels showed significant down-regulation in BAL

cells and the expression levels in the ileum and

jejunum reverted back to levels indicative of control

tissues.

For T. suis-infected animals, swIL-4Ra mRNA

was significantly down-regulated in the PCM 3 and

5 weeks post-infection (Fig. 4). The swIL-13Ra1

mRNA demonstrated a similar pattern of down-reg-

ulation, but only after significant induction occurred as

early as 1 week following infection. There was selec-

tive up-regulation of the both the swIL-4Ra and swIL-

13Ra1 mRNA in the CLN during the 3rd week

following infection, and in the case of the swIL-

4Ra mRNA, again in the 11th week post-infection.
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Fig. 1. Alignment of IL-4Ra-predicted amino sequences from swine (Sw) (GenBank accession no. AY266143), equine (Eq), human (Hu) and

murine (Mu). Lines above the sequences represent conserved WSXWS and C[X9/10]CXW receptor motifs. Consensus and missing amino acids

are represented by ‘‘�’’ and ‘‘-’’, respectively. Amino acids D105 and Y216, denoted by ‘‘*’’, are locations on the human IL-4Ra extracellular

domain denoting the centers of two clusters, defining the binding determinants of the receptor with its cognate cytokine (Zhang et al., 2002).
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4. Discussion

Receptors play critical roles in modulating host

immune responses. As such, proteins engaging the

cytokine-binding site of the receptor are being eval-

uated as a means to polarize host responses to infec-

tion and abrogate disease. To this end, comparatively

evaluating the primary and secondary structures of

less conserved receptors may provide information for

developing treatments with unilateral application

among disparate species. Within the sequences ana-

lyzed, no greater than 0.4% nucleotide sequence

variation was observed among any two aligned

sequences. This can be attributed predominantly to

PCR artifacts when non-proofreading enzymes are

used in identifying consensus sequences; however,

assignment of consensus sequences does not preclude

the possibility that polymorphisms within the IL4R

locus may exist within or between swine hosts.

Hage et al. (1999) identified the crystal structure of

the human IL-4/IL-4Ra complex where polar binding

sites are surrounded and enhanced by the hydrophobic

side-chains enveloping the points of contact. Within

the hydrophilic core, the critical binding interfaces

were localized to amino acids Y13, D72 and Y183

(Hage et al., 1999; Zhang et al., 2002), herein refer-

enced as Y45, D105 and Y216 (Figs. 1 and 3). The

investigations further indicated that the hydroxyl

groups of Y45 and Y216, and the carboxyl group of

D105 are critical determinants for IL-4Ra/IL-4 bind-

ing. These data suggest that the observed ‘‘species-

specificity’’ of the IL-4/IL-4Ra complex (Mosmann

et al., 1987) may be limited to interactions with the

mouse orthologue among those depicted in Fig. 1,

Fig. 2. Alignment of IL-13Ra1-predicted amino sequences from swine (Sw) (accession no. AY266142), canine (Ca), human (Hu) and murine

(Mu). Lines above the sequences represent conserved WSXWS and C[X9/10]CXW receptor motifs. Consensus and missing amino acids are

represented by ‘‘�’’ and ‘‘-’’, respectively.
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given the substitution of the non-polar, L, for Y216

(Fig. 1).

Given the low level of sequence similarity among

the IL-4Ra sequences and the absence of crystal

structure information on other than the HuIL-4Ra
sequence, putative secondary structures of the chains

were calculated (Combet et al., 2000) and compared

(Fig. 3) to evaluate this character in site recognition.

The centers of the two human binding clusters (Hage

et al., 1999; Zhang et al., 2002), as well as the location

of the junction of the intracellular/extracellular

domains are noted in Fig. 3. Surprisingly, given

the disparity in sequence homology, primarily in

mouse, the overall predicted conformations remained

remarkably similar. These data are consistent with

secondary structure being evolutionarily conserved

and likely playing a role in cytokine binding and cell

signaling.

IL-4Ra and IL-13Ra1 mRNAs are expressed in

most normal human and murine tissues (Aman et al.,

1996; Hilton et al., 1996) and are also expressed on

non-lymphoid cells particularly, hepatocytes, epithe-

lial and endothelial cells (Akaiwa et al., 2001). In vitro

studies have demonstrated specific cellular expression

of these receptors in activated T cells, B cells, and

macrophages (Graber et al., 1998; Ogata et al., 1998),

although the IL-13Ra1 is reportedly found only on B

cells (Pierrot et al., 2001; Andrews et al., 2001).

Several lines of evidence suggest a role for these

receptors in the development of a Th2-type response:

(1) exogenous IL-4 or IL-13 increase both the mRNA

and protein expression levels of IL-4Ra and IL-13Ra1

on in vitro activated T cells and B cells (Graber et al.,

1998; Ogata et al., 1998); (2) expression of these

receptors on activated macrophages is reportedly

down-regulated in the presence of IL-4 or IL-13

(Graber et al., 1998), and; (3) Th1 and pro-inflamma-

tory cytokines such as IFNg inhibit the expression of

IL-13Ra1 (Zheng et al., 2003). The importance of

regulating IL-4 and IL-13 production in a Th1 or Th2

bias response during protozoan or nematode infec-

tions, respectively, has been well-documented (Urban

et al., 1991, 1995; Else et al., 1994). Further, studies

using chimeric and transgenic mice lacking functional

expression of the IL-4Ra, have demonstrated the

necessity of the IL-4Ra on non-bone marrow-derived

cells for effective immune responses against certain

parasites (Urban et al., 2001), and in allergic responses

(Kelly-Welch et al., 2004; Nikolaidis et al., 2003).

However, to date, no analysis has been performed on

expression levels of the IL-4Ra or IL-13Ra1 within

swine tissues, in particular, using animals polarized to

Fig. 3. Predicted secondary structures of the IL-4Ra protein sequences from swine (Sw), equine (Eq), human (Hu) and murine (Mu). Data

were analyzed according to an improved version of the self-optimized prediction method (SOPMA) using default parameters. Conformational

states are represented as follows: blue ¼ a-helix; yellow ¼ random coil; red ¼ extended strand (sheet); green ¼ b-turn. Arrows depict the

locations of amino acids Y45, D105 and Y216 within the extracellular domain of swIL-4Ra within the two clusters defining the binding

determinants of the receptor with its cognate cytokine (Zhang et al., 2002). The experimentally determined junction between the extracellular

domain and intracellular portion of the MuIL-4Ra is denoted by ‘‘*’’.
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a Th1 or Th2 response via experimental infections

known to induce these changes.

Data from Dawson et al. (2004a,b) have shown that

the animals used in this study exhibited a generalized

Th1-pattern of gene expression (significant elevation

of IFN-g and TNF-a mRNA levels) in response to

infection with T. gondii, while a Th2-pattern (signifi-

cant elevation of IL-4, IL-5 and IL-13 mRNA levels)

was observed in pigs infected with A. suum or T. suis

(Fig. 4). However, regulation of the genes encoding

the swIL-4Ra and swIL-13Ra1 receptors, as pre-

sented here, seem not to align with conventional

wisdom (Graber et al., 1998; Ogata et al., 1998),

where receptor mRNA levels were generally elevated

in animals infected with T. gondii and lower in animals

infected with A. suum. Several factors may contribute

to the unexpected results. First, this deviation may

reflect a change in tissue composition and/or local

cytokine concentrations due to the migration of effec-

tor cells, rather than a change in mRNA-expression

levels. Thus, at the site of intense infection, swIL-4Ra
and swIL-13Ra1 mRNA levels may be leading indi-

cators of Th1 or Th2 polarization as well as the

corresponding return to the non-polarized state. There

is a rapid clinical recovery from acute infection with T.

gondii during the second week of infection that is

marked by increased localized production of anti-

inflammatory cytokines such as IL-4, IL-13, and IL-

10 in the liver, ileum, and MLN (Dawson et al., 2004a)

that may be responsible for an increase in expression

of IL-4R. In addition, high local concentrations of IL-

4 and IL-13 cause decreased intestinal epithelial-cell

resistance and sodium-dependent glucose uptake

resulting in a state of edema that needs to be corrected

in order to establish normal nutrient absorption in the

small intestine (Madden et al., 2004). Reduced levels

of IL-4Ra expression during the later phase of expul-

sion of A. suum from the intestine may be an effective

Fig. 4. swIL-4Ra and swIL-13Ra1 expression in various tissues in response to infection with (A) T. gondii (Th1-inducing); (B) A. suum (Th2-

inducing); (C) T. suis (Th2-inducing). Pigs were fed a total of 4.5 � 105 oocysts of the VEG strain of T. gondii, 1 � 105 infective A. suum eggs,

or 5 � 103 infective T. suis eggs. Real-time PCR analysis was performed on cDNA prepared from the indicated tissue RNA as described in

Section 2. The data shown represent the mean fold change in mRNA levels in infected vs. control animals.

D.S. Zarlenga et al. / Veterinary Immunology and Immunopathology 101 (2004) 223–234 231



way of restoring intestinal homeostasis. Second, our

probes do not distinguish between the membrane-

bound and soluble forms of the receptors; however,

Chilton and Fernandez-Botran (1993) demonstrated

the ability of IL-4a to up-regulate the secretion of

soluble IL-4Ra in murine splenic cells and further

showed parallel transcriptional regulation between the

soluble and membrane forms of the receptor (Chilton

and Fernandez-Botran, 1997). Finally, as the kinetics

of the response were not thoroughly evaluated over the

entire period of infection, the times for measuring

gene expression may not have been optimal for exam-

ining receptor mRNA levels in animals acutely chal-

lenged with each organism.

To further evaluate the later possibility and to

simplify gene expression analysis of the swIL-4Ra
and swIL-13Ra1 mRNAs from a nematode-infected

animal, a more holistic time-course evaluation was

performed using tissues from T. suis-infected animals

where the infection is specifically limited to the

intestinal tract. This contrasts with the more systemic

infection scheme characteristic of migrating Ascaris

and developing Toxoplasma parasites. Upon examin-

ing RNA from PCM and CLN, variability in receptor-

gene regulation occurred coincidentally with key

points in the infection process. Eggs reach the mucosa

of the large intestine and hatch into L1 larvae within

the first 1–10 DAI, during which up-regulation of

swIL-13Ra1 was observed. Over the next several

weeks, both the swIL-4Ra and swIL-13Ra1 mRNAs

were significantly down-regulated. This takes place as

the parasites are tunneling into the mucosa of the

proximal cecum and colon, and entering the cellular

lining of the Lieberkühn, where they rapidly grow to

adults. Substantial inflammation and pathology devel-

ops in the surrounding tissues during the cellular

penetration phase with concomitant up-regulation of

IL-4 and IL-13 mRNA (data not shown). Similar

changes in the levels of IL-4 mRNA have been

observed in Ostertagia infections of bovine as the

parasites penetrate the gastric glands lining the abo-

masum (Almeria et al., 1997).

Given the simultaneous infiltration of bacteria at the

site of T. suis infections (Mansfield and Urban, 1996)

and the localized inflammation that ensues, it is pos-

sible that the down-regulation of swIL-4Ra and swIL-

13Ra1 mRNAs results from an increase in pro-inflam-

matory cytokines such as IFN-g (Zheng et al., 2003);

however, no evidence of transcriptional changes in

IFN-g relative to controls was observed during the

infection process (data not shown), suggesting that a

shift to a localized Th1 type response is not respon-

sible for down-regulating receptor sequences. Further-

more, it has been shown using T. muris in a mouse-

infection model, that IL-4 is substantially involved in

the protective immune response (Else et al., 1994;

Curry et al., 1995). The disparity in the regulation

between the IL-4 and IL-13 cytokine genes and their

corresponding receptors in the PCM may result from

variation in the localized concentration of the cyto-

kines and cellular infiltration. This is supported in part

by receptor mRNA levels in CLN tissue, which are

substantially removed from the immediate site of

infection and not subject to the intense host immune

responses present in the intestinal mucosa. In this

instance, the receptor mRNA levels were more pre-

dictive of a Th2 response where significant elevation

of both receptor mRNA subsets was observed at 3

weeks post-infection, and the entire course of the

swIL-4Ra/swIL-13Ra1 response was essentially the

inverse of that observed in the PCM. The rapid and

significant down-regulation in the swIL-4Ra and

swIL-13Ra1 at the site of infection is consistent with

changes in the intracellular signaling cascade that

compensate for and are commensurate with, high

localized concentrations of the cognate cytokines.

Data presented here demonstrate the importance of

studying both biochemical and physiological aspects

of receptor/cytokine relationships in deciphering host

responses to infection. Understanding interactions

involving immune modulation which take place at

the cell surface and subsequently effect signal trans-

duction, may offer greater insight into the mechanisms

associated with host immune responses than those

ascertained by monitoring circulating levels of effec-

tor molecules only. Additional experiments are cur-

rently underway to clarify the discrepancy between

peripheral and localized responses in T. suis-infected

animals.
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